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(5)  INTRODUCTION 

Phytoestrogens  are  abundantly  available  from  plant-based  diets  and  are 
considered  to  be  the  protective  factors  in  reducing  cancer  risk  in  vegetarians  (1). 
Phytoestrogens  used  in  this  study  (genistein,  quercetin,  kaempferol,  daidzein  and 
biochanin  A)  have  been  reported  to  reduce  cancer  cell  growth  of  various  origins  in 
experimental  studies  (2-5).  In  breast  cancer  cells,  the  action  of  these  compounds  varies 
with  the  estrogen  receptor  (ER)  status.  In  my  previous  report,  we  showed  that  genistein, 
quercetin,  kaempferol,  biochanin  A  and  daidzein  bind  to  the  MCF-7  cellular  and 
recombinant  ER  with  varying  affinities  compared  to  estradiol,  as  determined  by  sucrose 
gradient  analyses.  Genistein  was  found  to  have  the  highest  affinity  to  both  cellular  and 
recombinant  ER  among  all  the  compounds. 

Estradiol  is  known  to  induce  and  promote  cancer  growth,  particularly  of  breast 
tissue  (6).  ER  binds  to  estradiol  with  high  affinity,  although  it  binds  to  other  structurally 
related  compounds  with  low  affinity  (7).  Estradiol  binding  induces  a  conformational 
change  in  the  ER,  allowing  it  to  form  a  dimeric  complex  which  is  capable  of  binding  to 
the  consensus  estrogen  response  element  (ERE)  and  regulate  transcription  of  growth 
related  genes  (8,  9).  Two  subtypes  of  human  ER,  ER  a  and  ER  p,  encoded  by  two 
distinct  genes  have  been  described  (10, 11).  These  proteins  have  95%  homology  in 
their  DNA  binding  domain  and  55%  homology  in  the  ligand  binding  domain.  In  addition, 
each  protein  has  specific  tissue  based  expression  and  has  been  reported  to  bind  DNA 
either  as  homo-  or  heterodimers.  Phytoestrogens  with  differential  affinity  to  ER  a  and 
ER  p  appear  to  produce  ligand-  and  tissue-specific  responses  (7).  Phytoestrogens  are 
thought  to  interfere  with  any  of  the  cascade  of  events  starting  with  estradiol  binding  to 
ER,  in  generating  their  estrogenic  (growth  stimulatory)  or  antiestrogenic  (growth 
inhibitory)  effects  in  breast  cancer  cells. 

In  the  estrogen-induced  breast  cancer  development,  it  is  proposed  that  a  critical 
event  is  the  dysregulated  gene  expression,  which  confers  a  proliferative  advantage  to 
the  ER-positive  cells.  Estradiol  stimulates  a  rapid  and  transient  increase  in  both  c -myc 
and  ornithine  decarboxylase  (ODC)  transcription  in  ER-positive  MCF-7  cells  (12, 13). 
The  c-myc  oncogene  is  involved  in  the  stimulation  of  cell  proliferation  and  is  amplified  in 
30-45%  of  the  breast  tumors  (14).  ODC  is  the  first  enzyme  in  the  biosynthesis  of 
polyamines,  the  cellular  cations  involved  in  cell  growth  and  differentiation.  Increased 
levels  of  ODC  and  polyamines  are  observed  in  several  types  of  cancers  (15). 

In  order  to  understand  the  role  of  genistein  as  ligand  for  ER,  we  studied  the 
effects  of  genistein  binding  on  ER  structure  and  ER-ERE  binding.  Ligand  receptor 
interactions  were  examined  by  sucrose  density  gradients  using  [14C]-genistein.  ER-ERE 
interactions  were  evaluated  by  electrophoretic  mobility  shift  assays  (EMSA).  In  addition, 
we  also  measured  the  effect  of  genistein  on  expression  of  the  c-myc  and  ODC  mRNA 
using  Northern  blot  analysis. 

In  order  to  understand  the  mechanism  of  growth  inhibition  of  phytoestrogens 
independent  of  ER,  we  determined  the  effects  of  these  compounds  on  growth,  cell 
cycle  kinetics,  cell  cycle  regulatory  proteins  and  apoptotic  cell  death  of  MDA-MB-468 
cells. 

Our  efforts  in  the  past  two  years  revealed  specific  effects  for  each  phytoestrogen 
on  the  growth,  cell  cycle  regulatory  mechanisms  and  apoptotic  cell  death  of  estrogen- 
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receptor  (ER)-negative  MDA-MB-468  breast  cancer  cells.  Based  on  our  results,  we 
submitted  a  manuscript  for  publication  (copy  attached).  Also,  we  gained  some  insight 
into  the  estrogenic  effects  of  genistein.  The  chemical  structure  of  estradiol  and 
phytoestrogens  used  in  this  study  is  given  in  Figure  1 . 

(6)  BODY 

A.  METHODS 

1.  Cell  Culture  and  Chemicals.  MCF-7  cells  are  maintained  in  Dulbecco’s  Modified 
Eagles  Medium  (DMEM)  with  100  pg/ml  penicillin,  100  pg/ml  streptomycin,  2  pg/ml 
insulin,  and  10%  fetal  bovine  serum  (FBS).  For  two  weeks  before  each  experiment, 
cells  were  grown  in  phenol-red  free  DMEM  as  phenol  red  has  estrogenic  effects  (16). 
FBS  was  treated  with  dextran  coated  charcoal  (DCC)  to  remove  endogenous  estrogens 
and  added  to  the  medium  as  described  previously  (17).  MDA-MB-468  cell  line  was 
obtained  from  the  American  Type  Culture  Collection  (ATCC,  Manassas,  Virginia).  The 
cells  were  maintained  in  Improved  minimum  essential  medium  (IMEM)  with  10%  fetal 
bovine  serum  (FBS),  4  mM  glutamine,  0.4  mM  sodium  pyruvate,  40  pg/ml  gentamycin, 
and  100  pg/ml  each  of  penicillin  and  streptomycin. 

Genistein,  quercetin,  daidzein,  kaempferol  and  biochanin  A  were  purchased  from 
Sigma  Chemical  Co.  (St.  Louis,  MO).  Stock  solutions  were  made  in  dimethylsulfoxide 
(DMSO),  aliquoted,  and  frozen  until  use.  The  APO-BRDU™  assay  kit  was  purchased 
from  Pharmingen  (San  Diego,  CA).  The  antibodies  for  cyclin  B1 ,  C-terminal  domain  of 
cdc2  and  p-actin  were  obtained  from  Neomarkers  (Union  City,  CA). 

2.  Electrophoretic  Mobility  Shift  Assay  to  Determine  Binding  of  Genistein-ER 
Complex  with  ERE.  The  consensus  sequence  of  ERE  (5’ 

CCAGGTCAGAGTGACCTGAGCTAAAATAACACATTCAG)  from  vitellogenin  gene  was 
purchased  from  Oligos,  Etc.  (Wilsonville,  OR).  The  oligonucleotide  and  its 
complementary  strand  were  dissolved  in  10  mM  Tris-HCI  (pH  8.0),  200  mM  NaCI  and 
equimolar  solutions  were  boiled  for  10  min  and  allowed  to  anneal  for  2  h  at  room 
temperature.  Then  the  oligonucleotide  solution  was  dialyzed  thrice  against  the  same 
buffer  and  end-labeled  with  32P-y-ATP  using  an  end  labeling  kit  from  Promega 
(Madison,  Wl).  Human  recombinant  ER  a  or  ER  p,  500  ng  each  was  incubated  with 
different  concentrations  of  genistein  for  2  h.  About  20,000  cpm  of  labeled  probe  and  4  X 
binding  buffer  were  added  to  the  ER-genistein  mixture  to  reach  a  final  concentration  of 
10  mM  Tris-HCI,  10%  glycerol,  1  mM  dithiothreitol  and  10  pg/ml  poly(dl-dC).poly(dl-dC), 
(Pharmacia,  Piscataway,  NJ).  The  binding  reaction  was  allowed  to  proceed  for  1  h  at 
4°C  and  30  min  at  room  temperature.  Then  the  samples  were  loaded  in  a  6% 
polyacrylamide  gel  and  electrophoresed  for  3  h  at  1 00  V.  The  gel  was  dried  and 
exposed  to  Kodak  Biomax  MR-1  film  for  autoradiography  for  3  to  6  h.  Intensity  of  the 
DNA-protein  complex  was  quantified  using  a  scanning  densitometer. 

3.  Sucrose  Density  Gradient  Analysis  of  ER  rcand  ER  p  bound  to[14C]-aenistein. 

Purified  ER  a  or  ER  p  was  incubated  at  4°C  for  3  h  with  either  [14C]-genistein  or  [3H]-E2. 
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After  incubation,  DCC  suspension  was  added  to  the  samples  to  remove  free  E2.  The 
samples  were  then  centrifuged  at  750  x  g  for  5  min  at  4°C.  Supernatant  was 
sedimented  through  a  10-30%  sucrose-TEDG  buffer.  Gradients  were  centrifuged  in  a 
Beckman  SW60  rotor  at  53,000  rpm  for  16  h.  Fractions  were  collected  into  5  ml 
scintillation  fluid  and  the  bound  estradiol  was  counted  using  a  scintillation  counter. 
Nonspecific  binding  was  determined  in  parallel  with  the  receptor  incubated  with  [14C]- 
genistein  or  [3H]-E2,  with  100-fold  excess  cold  genistein  or  200-fold  excess  cold  E2, 
respectively. 

4.  r3H)-Thymidine  Incorporation  Assay.  Cells  (0.5  x  106/dish)  were  plated  in  60  mm 
culture  dishes  and  allowed  to  adhere  for  24  h.  The  cells  were  dosed  with  different 
concentrations  of  phytoestrogens  for  24,  48  and  72  h.  One  hour  before  the  treatment 
time  ended,  one  pCi/ml  of  [3H]-thymidine  was  added  to  the  cells.  The  radioactivity 
incorporated  into  the  cellular  DNA  was  measured  by  liquid  scintillation  counting. 

5.  Northern  Blot  Analysis  of  ODC  and  c-mvc  mRNA.  Total  RNA  was  extracted  using 
the  TRI  reagent  (Molecular  Research  Inc.,  Cincinnati,  OH).  RNA  concentration  was 
determined  by  measuring  absorbance  at  260  nm  and  converted  to  |ig/ml,  using  the 
equation,  one  Absorbance  unit  (A260)  =  40  pg/ml.  Twenty  pg  of  RNA  was  loaded  into 
each  well  and  RNA  molecules  were  separated  under  denaturing  conditions  on  1% 
agarose  gel,  electrophoresed  for  24  h.  RNA  from  the  gel  was  transferred  onto  a  nylon 
membrane  (Oncor,  Gaithersburg,  MD).  Prior  to  hybridization,  the  membrane  was 
preconditioned  with  hybrisol  for  1  h  at  42°C.  Overnight  hybridization  was  carried  out 
with  cDNA  probe  for  c-mycox  ODC  labeled  with  32P-a-dCTP  (~106  cpm/ml  of 
hybridization  solution).  The  membranes  had  3x15  min  washes  in  0.1%  SSC/0.1%SDS 
at  room  temperature  and  1  h  in  0.1  X  SSC/0.1%  SDS  at  52°C.  Membranes  were  then 
exposed  to  Kodak  X-OMAT  AR  film  at  -70°C  for  48-72  h.  Relative  intensities  of  bands 
were  quantified  using  a  scanning  densitometer. 

6.  Reversal  of  Cell  Growth  Inhibition.  MDA-MB-468  cells  (0.5  x  1 06  cells/dish)  were 
plated  in  60  mm  culture  dishes  in  triplicate  and  were  allowed  to  adhere  for  24  h.  Groups 
of  cultures  were  treated  with  genistein  for  different  periods  (2,  4,  6,  8, 12,  16,  and  24  h), 
and  media  changed  to  drug-free  medium.  Twenty  four  hours  later,  the  cells  were  dosed 
with  1  jxCi/ml  of  [3H]-thymidine  for  1  h,  and  the  radioactivity  incorporated  into  cellular 
DNA  was  measured  by  liquid  scintillation  counting. 

7.  Flow  Cytometric  Determination  of  Cell  Cycle  Analysis.  MDA-MB-468  cells  (2  x 
106  cells/dish)  were  allowed  to  adhere  to  plate  for  24  h  and  then  dosed  with  genistein, 
or  other  phytoestrogens.  After  24,  48  or  72  h  of  treatment,  media  was  removed,  2  ml 
citrate  buffer  (40  mM  Citrate-Trisodium,  250  mM  sucrose  and  5%  DMSO)  added  and 
cells  frozen  at  -70°C  until  further  analysis.  For  cell  cycle  analysis,  cells  were  thawed 
and  harvested  to  collect  the  pellet.  The  cell  pellet  was  treated  with  trypsin  for  10  min 
and  trypsin  inhibitor  and  RNase  (Sigma,  St.  Louis,  MO)  were  added  for  10  min  and 
stained  with  750  |il  propidium  iodide  in  citrate  buffer  (30  |ig/ml).  Cells  were  analyzed  by 
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an  Epics  Profile-ll  Flow  Cytometer  (Coulter  Corp.,  Miami,  FL).  Distribution  of  cells  in 
different  phases  of  cell  cycle  was  calculated  using  C ytoLogic  software. 

8.  APO-BRDU™  Labeling  Studies.  MDA-MB-468  cells  (2  x  106  cells/dish)  were  plated 
and  dosed  with  genistein  for  24  h.  Floating  and  adherent  cells  were  harvested  in  PBS 
and  fixed  in  1%  paraformaldehyde.  After  two  washings  with  PBS,  the  cell  pellet  was 
fixed  in  70%  ethanol  and  frozen  at  -20°C  until  further  use.  Apoptosis  was  quantified 
using  the  APO-BRDU™  kit  according  to  the  manufacturer’s  instructions.  Briefly,  cell 
pellet  was  incubated  with  bromolated  deoxyuridine  triphosphate  (BRDU)  for  24  h  in  a 
28°C  water  bath.  After  the  incubation  period,  cells  were  treated  with  fluorescein-labeled 
anti-BRDU  monoclonal  antibody  for  1  h,  stained  with  propidium  iodide/RNase  solution 
for  30  min  in  dark,  and  analyzed  by  flow  cytometry. 

9.  Analysis  of  Apoptosis  by  Hoechst  33342  Dye  Staining.  Cells  (3.5  x  1 04/dish)  were 
plated  in  4-well  LabTek  chambered  cover  glass  plates  (Nalge  Nunc  Int.,  IL).  After 
allowing  for  adherence  of  cells  for  48  h,  different  concentrations  of  genistein  were 
added  to  the  plates.  After  24  h  treatment,  cells  were  fixed  in  4%  paraformaldehyde  with 
4  pg/ml  Hoeschst  33342  dye  and  incubated  at  37°C  for  30  min.  Stained  nuclei  were 
observed  under  Zeiss  ICM  405  inverted  microscope  (magnification  1000  X)  using  a  UV 
filter  in  the  range  of  395-450  nm.  Apoptotic  cells,  characterized  by  nuclear  shrinkage 
and  fragmentation,  were  counted  from  3  random  fields  with  at  least  100  cells  per  field. 

10.  Western  Blot  Analysis.  MDA-MB-468  cells  (2  x  106  cells/dish)  were  plated  in  100 
mm  dishes  and  were  allowed  to  adhere  for  24  h.  Twenty  four  hours  after  treatment  with 
genistein,  cells  were  harvested  in  PBS,  centrifuged  at  500  x  g  for  10  min  and  stored  at 
-70°C  until  further  analysis.  Cells  were  solubulized  in  300  pi  of  a  buffer  containing  50 
mM  Tris,  50  mM  NaCI,  50  mM  NaF,  0.2%  SDS,  1%  NP40,  2  mM  EDTA,  100  pM 
Na3Po4.  Total  protein  was  determined  using  the  Bio-Rad  kit  (Bio-Rad,  Hercules,  CA) 
and  30  pg  was  electrophoretically  separated  on  a  10%  polyacrylamide  gel.  The  proteins 
were  transferred  to  PVDF  immobilon  membrane.  After  blocking  overnight  with  2%  non¬ 
fat  dry  milk,  blots  were  incubated  for  3  h  with  purified  monoclonal  mouse  or  polyclonal 
rabbit  antibodies,  followed  by  horseradish-peroxidase  labeled  anti-mouse/anti-rabbit 
secondary  antibody.  Protein  was  visualized  with  a  chemiluminiscence  based  detection 
system. 

Statistical  Analysis.  Statistical  analyses  were  performed  using  Sigma  Plot  3.0 
software.  Means  and  standard  deviations  were  calculated  for  each  treated  group  and 
the  significant  difference  between  the  groups  were  determined  using  Student’s  t-test.  p 
value  <0.05  was  considered  significant. 

B. RESULTS 

I.  Results  of  Task  4.  Binding  of  phytoestrogen-ER  complex  to  consensus  ERE. 
months  13-16.  In  my  previous  experiments,  I  observed  that  phytoestrogens  bind  to  the 
MCF-7  cellular  and  recombinant  ER  with  varying  affinities  compared  to  estradiol. 
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Genistein  was  the  most  effective  compound  among  all  phytoestrogens  used.  To 
determine  if  this  binding  can  lead  to  potential  estrogenic  or  antiestrogenic  effects  for 
genistein,  we  measured  the  binding  of  genistein-ER  complex  to  the  consensus  ERE  in 
EMSA  experiments.  We  have  used  both  recombinant  ER  a  and  ER  p  in  our 
experiments.  An  increase  in  the  intensity  of  the  band  corresponding  to  the  ER  p-ERE 
was  observed  in  the  presence  of  500  nM  genistein  (Figure  2).  In  contrast,  there  was  no 
significant  binding  of  ER  a-ERE  in  the  presence  of  different  concentrations  of  genistein 
(data  not  shown). 

Binding  of  fHC1-aenistein  to  ER  ntand  ER  p.  months  13-16.  To  understand  the 
differences  in  the  structural  and  conformational  state  of  ER  bound  to  estradiol  and 
genistein,  we  conducted  sucrose  density  gradients  in  the  presence  of  these  two 
ligands.  [3H]-E2  and  [14C]-genistein  were  used  to  monitor  the  sedimentation  profile  of 
ER.  As  shown  in  Figures  3A  and  4A,  both  ER  a  and  ER  p  sedimented  as  the  dimeric 
6S  form  in  the  presence  of  [3H]-E2.  In  contrast,  genistein  bound  to  ER  a  or  ER  p 
sedimented  as  the  monomeric  4S  form  on  the  sucrose  gradient  (Figures  3B  and  4B). 
We  also  examined  the  sedimentation  profile  of  a  1:1  mixture  of  ER  a  and  ER  p.  In  this 
case  also  ER  bound  to  [3H]-E2  sedimented  as  the  dimeric  form,  while  ER  bound  to  [14C]- 
genistein  sedimented  as  the  4S  form  (Figure  5). 

II.  Results  of  Task  5.  Celi  proliferation  studies  with  phytoestrogens, 
months  17-19.  We  determined  the  effects  of  the  phytoestrogens  on  DNA  synthesis  of 
MCF-7  and  MDA-MB-468  cells.  Cells  were  treated  with  0, 10,  25,  50  and  100  pM 
phytoestrogens  for  24  h.  DNA  synthesis  was  determined  by  [3H]-thymidine  incorporation 
assay.  Effect  of  genistein  and  quercetin  on  DNA  synthesis  of  MCF-7  cells  is  presented 
in  Figures  6A  and  B,  respectively.  Genistein  treatment  of  10  and  25  pM  for  24  h  caused 
a  27%  and  39%  increase  in  DNA  synthesis  of  MCF-7  cells,  respectively.  By  72  h  of 
treatment,  all  doses  of  genistein  were  growth  inhibitory.  Biochanin  A,  daidzein  and 
kaempferol  increased  DNA  synthesis  at  10  pM  concentration.  However,  quercetin  did 
not  have  a  stimulatory  effect  on  DNA  synthesis,  and  inhibited  growth  of  these  cells  with 
an  IC50  value  of  17.3  pM.  Genistein,  biochanin  A  and  kaempferol  inhibited  MCF-7  DNA 
synthesis  with  IC50  value  of  37,  40  and  50  pM,  respectively,  whereas,  daidzein  was 
ineffective  even  at  100  pM  concentration  (Table  1). 

Effect  of  genistein  and  quercetin  on  DNA  synthesis  of  MDA-MB-468  cells  is 
given  in  Figures  7A  and  B,  respectively.  Genistein  significantly  reduced  the  growth  of 
MDA-MB-468  cells  at  all  concentrations  used  and  the  concentration  needed  to 
decrease  the  growth  of  ER-negative  cells  was  4-fold  lower  than  that  needed  for  the  ER- 
positive  cells.  The  IC50  value  for  the  phytoestrogens  in  inhibiting  the  growth  of  MCF-7 
and  MDA-MB-468  cells  are  presented  in  Table  1.  Genistein  was  more  effective  than 
quercetin  in  inhibiting  the  growth  of  ER-negative  cells.  Biochanin  A  and  kaempferol 
exhibited  similar  effects  on  growth  inhibition  in  ER-positive  as  well  as  ER-negative  cells, 
where  as  daidzein  did  not  have  a  significant  effect  in  decreasing  the  growth  of  these 
breast  cancer  cells  at  the  concentrations  used. 
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III.  Results  of  Task  6.  Expression  of  growth  regulating  genes  by 
phvtoestroaens.  months  21-24.  We  also  examined  whether  the  effect  of  genistein  on 
cell  proliferation  in  MCF-7  cells  is  mediated  by  its  effects  on  growth  regulatory  genes 
such  as  c-mycand  ODC.  At  all  concentrations  studied,  genistein  had  no  significant 
effect  on  c -myc  mRNA  levels  after  24  h  of  treatment  (Figure  8),  compared  to  untreated 
cells.  However,  when  mRNA  level  of  ODC  was  determined  after  treatment  with  100  pM 
genistein  for  2,  4  and  8  h,  there  was  a  decrease  in  ODC  mRNA  level  at  8  h  of  treatment 
(Figure  9).  Since  the  experiments  were  conducted  with  the  addition  of  4  nM  estradiol, 
there  was  an  induction  of  ODC  mRNA  at  4  h  in  the  control  cells.  Detailed  experiments 
on  the  time  course  and  dose-response  of  genistein  treatment  on  c -myc  and  ODC 
mRNA  levels  are  currently  in  progress. 

IV.  Results  of  Task  7.  Cell  cycle  progression  after  treatment  with  phytoestroaens. 
months  27-28.  Flow  cytometric  analysis  of  the  untreated  breast  cancer  group  showed  a 
majority  of  the  cells  in  the  Go/Gi  (59-63%)  phase,  and  only  a  small  percentage  of  cells 
in  the  G2/M  phase  (10-18%)  of  the  cell  cycle  in  both  MCF-7  and  MDA-MB-468  cells.  We 
observed  a  time  and  dose-dependent  accumulation  of  the  G2/M  phase  cells  after 
treatment  with  genistein  in  MDA-MB-468  cells  (Figure  10).  The  increase  in  the 
population  of  G2/M  cells  was  associated  with  a  corresponding  decrease  in  the 
percentage  of  cells  in  G0/G1  phase  of  the  cell  cycle.  Genistein  treatment  (100  pM)  for  24 
h  caused  70%  of  the  MDA-MB-468  cells  and  42%  of  the  MCF-7  cells  to  arrest  at  the 
G2/M  phase  (Tables  2  and  3  respectively).  Quercetin  treatment  also  caused  G2/M  block, 
although  to  a  lesser  extent  compared  to  genistein,  in  both  the  cell  lines.  The  effects  of 
G2/M  block  by  genistein  and  quercetin  were  much  more  prominent  in  MDA-MB-468 
cells.  Kaempferol,  at  100  pM,  arrested  35%  of  the  MDA-MB-468  cells  in  the  G2/M  phase 
of  the  cell  cycle,  while  biochanin  A  and  daidzein  did  not  have  significant  effects  on  cell 
cycle  distribution  in  these  cells. 

V.  Results  of  Task  8.  Effects  of  genistein  and  quercetin  on  cell  cycle  regulatory 
protein  expression,  months  29-36.  To  further  understand  the  genistein-activated 
pathway  that  induces  cell  cycle  arrest,  the  expression  of  proteins  that  function  during 
G2/M  phase  transition  was  examined  by  Western  blot  analysis.  Figure  1 1  shows  the 
effect  of  genistein  on  the  expression  of  cyclin  B1  and  cdc2  in  MDA-MB-468  cells.  (3 
actin  was  used  as  a  control  to  confirm  that  the  observed  differences  in  cyclin  B1  and 
cdc2  are  not  due  to  differences  in  protein  levels.  Cyclin  B1  levels  were  dramatically 
altered  by  genistein  treatment.  There  was  a  biphasic  response  to  genistein  treatment, 
at  25  pM,  there  was  a  70%  increase  in  cyclin  B1  level  compared  to  control.  However,  a 
40  and  52%  lower  cyclin  B1  levels  than  control  was  found  at  50  and  100  pM  genistein. 
Western  blot  analysis  of  cdc2  showed  no  change  at  1 0,  25,  and  50  pM  treatment. 
However,  at  100  pM  genistein,  the  upper  band  corresponding  to  the  phosphorylated 
form  of  cdc2  showed  a  marked  decrease.  The  (3-actin  levels  were  comparable  in  all 
lanes,  showing  that  the  observed  differences  are  not  due  to  altered  levels  of  proteins. 

Figure  12  shows  the  effect  of  quercetin  on  cyclin  B1  and  cdc2  in  MDA-MB-468 
cells.  Quercetin  treatment  showed  a  dose-dependent  increase  in  cyclin  B1 ,  with  100  pM 
treatment  resulting  in  a  30%  increase.  The  level  of  cdc2  was  unchanged  after  quercetin 
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treatment.  Thus  even  though  cyclin  B1  is  altered  by  quercetin,  there  was  a  differential 
response  of  this  protein  to  genistein  treatment. 

In  MCF-7  cells,  there  was  a  7  and  40%  increase  in  cyclin  B1  protein  level  at  25 
and  50  pM  genistein,  after  24  h  respectively,  compared  to  control.  At  100  pM,  however, 
cyclin  B1  was  undetectable.  The  effect  of  genistein  on  the  expression  of  cell  cycle 
regulatory  proteins  in  MCF-7  cells  is  currently  being  studied  in  more  detail. 

VI.  Results  of  additional  experiments. 

1.  Effects  of  genistein  on  reversal  of  cell  growth  inhibition.  We  also  examined  if 
genistein-induced  growth  suppression  is  reversible.  Cells  were  treated  with  genistein  for 
defined  time  periods,  and  then  the  drug  was  removed  and  cells  treated  with  drug-free 
medium.  Genistein  treatment  at  50  and  100  pM  caused  a  significant  growth  arrest 
(p<0.05)  after  even  2  h  of  exposure  (Figure  13A).  After  8  h,  genistein  treatment  with  25 
pM  concentration  was  cytotoxic  to  these  cells,  with  growth  inhibition  comparable  to  cells 
which  had  continuous  exposure  to  the  drug  (Figure  13B).  Furthermore,  genistein 
induced  irreversible  changes  in  DNA  synthesis  in  MDA-MB-468  cells  by  16  h  at  all 
concentrations  studied. 

2.  Effects  of  phytoestroaens  on  apoptotic  cell  death.  MDA-MB-468  cells  were 
treated  with  phytoestrogens  for  24  h  and  the  percentage  of  apoptotic  cells  was 
assessed  by  the  APO-BRDU™  kit  (Pharmingen,  CA).  In  this  assay,  induction  of 
apoptosis  is  detected  by  an  increase  in  DNA  fragments  that  are  labeled  with 
bromolated-dUTP  and  a  fluorescent  tagged  antibody  using  flow  cytometry.  Figure  14 
shows  a  representative  picture  of  cytograms  (panel  A)  and  histograms  (panel  B)  of 
MDA-MB-468  cells  treated  with  genistein  (0-100  pM).  Treatment  of  cells  with  10,  25,  50, 
and  100  pM  genistein  resulted  in  the  presence  of  significant  amount  of  apoptotic  cells, 
corresponding  to  19,  34,  64,  86%,  respectively,  compared  to  1 .6%  in  the  control  cells 
(p<0.01 ,  n=4).  The  effect  of  phytoestrogen  treatment  on  the  percentage  of  apoptotic 
cells  is  presented  in  Table  4.  Quercetin  exposure  at  100  pM  resulted  in  47%  apoptotic 
cells,  whereas  Biochanin  A  treatment  caused  11%  apoptosis.  In  contrast,  there  was  no 
significant  level  of  apoptosis  by  treatment  with  kaempferol  and  daidzein. 

3.  Confirmation  of  genistein-induced  apoptosis  by  Hoechst  33342  staining  and 
fluorescence  microscopy.  To  confirm  genistein-induced  apoptosis,  cells  were  also 
treated  with  genistein  for  24  h  and  stained  with  Hoechst  33342.  Stained  nuclei  were 
then  visualized  under  a  fluorescence  microscope.  A  representative  view  of  dye-stained 
nuclei  is  presented  in  Figure  15.  Nuclear  condensation  and  apoptosis  was  observed 
even  at  10  to  25  pM  concentrations  of  genistein.  Majority  of  the  cells  appeared  to 
undergo  apoptosis  at  50  pM  genistein.  With  100  pM  genistein  treatment,  very  few  cells 
remained  adherent  to  the  cells,  making  the  evaluation  difficult.  The  percentage  of 
apoptosis  as  determined  by  counting  the  apoptotic  cells  in  three  different  fields  were 
comparable  to  those  obtained  from  flow  cytometry  (data  not  shown). 
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C.  DISCUSSION 

Our  results  show  that  genistein  has  stimulatory  effects  on  DNA  synthesis  in 
MCF-7  cells  up  to  10  jxM.  Genistein  binds  to  the  recombinant  ER  a,  however,  this  did 
not  result  in  increased  affinity  to  the  ERE.  In  contrast,  genistein-bound  ER  (3  showed 
significant  interaction  with  ERE.  Genistein  was  reported  to  have  a  higher  relative 
binding  affinity  to  ER  p  than  ER  a  in  a  previous  study  (7).  Genistein  bound  to  the 
recombinant  ER  a  and  ER  p  and  sedimented  the  protein  as  4S  form,  in  contrast  to 
estradiol,  which  sedimented  it  as  6S  form.  These  data  indicate  that  the  dimerization 
potential  of  ER  is  deficient  when  it  is  bound  to  genistein.  It  is  known  for  some  time  that 
ER  functions  in  concert  with  several  associated  proteins  to  modulate  gene  transcription. 
Some  of  these  accessory  proteins  have  been  identified,  such  as  ERAP  160,  RIP  140, 
SRC-1 ,  SPT6  and  T1  FI  (19-23).  These  adaptor  proteins  have  been  shown  to  activate 
the  receptor  by  binding  to  it  (24),  or  enhance  DNA  binding  and  transcriptional  activation 
(19,  20).  It  is  likely  that  accessory  proteins  may  help  in  the  dimerization  of  the  genistein 
bound  ER  and  induce  genistein  mediated  gene  transcription  in  vivo.  However,  in  the 
case  of  ER  p,  ERE  may  be  providing  allosteric  conformational  change  to  ER  p  in  the 
presence  of  genistein,  thus  showing  increased  affinity  binding  in  our  EMSA 
experiments.  Indeed  modulation  of  ER  conformation  by  ERE  has  been  reported  (18). 
Genistein-mediated  increase  in  DNA  synthesis  of  MCF-7  cells  did  not  persist  at  72  h.  A 
possible  reason  for  this  may  be  that  prolonged  treatment  may  cause  changes  in  the 
ratio  of  ER  versus  co-activators  and  therefore  estrogenic  effects  may  be  lost. 

The  other  phyoestrogens,  daidzein,  biochanin  A  and  kaempferol  stimulated  DNA 
synthesis  of  MCF-7  cells  at  10  |iM.  However,  biochanin  A  and  kaempferol  exhibited 
growth  suppressive  effects  at  higher  concentrations  with  IC50  value  of  40  and  50  pM, 
respectively.  Quercetin  had  only  inhibitory  effects  on  DNA  synthesis  in  these  cells. 

In  a  previous  study,  genistein  was  reported  to  stimulate  pS2  mRNA  expression 
at  10  jxM,  a  concentration  that  results  in  proliferation  of  ER-positive  breast  cancer  cells 
(25).  Experiments  are  in  progress  to  provide  insight  into  the  dose-dependent  effects  of 
genistein  on  time-course  of  ODC  and  c -myc  mRNA  expression  in  MCF-7  cells. 

Our  results  confirm  the  findings  of  GJM  phase  arrest  by  genistein  in  MCF-7 
breast  cancer  cells  (26,  27)  and  extend  these  to  MDA-MB-468  cells.  Furthermore,  we 
show  that  the  G2/M  block  is  associated  with  disturbances  in  cell  cycle  regulation.  Thus, 
in  contrast  to  the  classic  estrogens  and  antiestrogens  which  exert  their  effects  in  the  G, 
phase  of  the  cell  cycle  in  breast  cancer  cells  (28),  genistein  and  quercetin  induce  a 
G./M  block  (26,  27,  29-34).  The  order  of  potency  of  genistein  >  quercetin  >  kaempferol 
remains  the  same  with  antiproliferative  effects  as  with  the  efficacy  of  cell  cycle  arrest. 

Our  studies  link  the  action  of  genistein  and  quercetin  with  the  regulation  of  cyclin 
B1  in  both  MCF-7  and  MDA-MB-468  cells,  suggesting  that  the  growth  inhibitory 
mechanism  of  these  compounds  may  be  independent  of  ER  status.  However,  the  mode 
of  action  of  these  two  compounds  on  the  regulation  of  cyclin  B1  appears  to  be  different 
in  MDA-MB-468  cells.  With  genistein,  increase  in  cyclin  B1  was  observed  at  lower 
concentration  and  was  followed  by  a  dramatic  decrease  at  higher  concentrations.  With 
quercetin,  G/M  arrest  is  associated  with  an  increase  in  cyclin  B1 . 

In  eukaryotic  cells,  cyclin  B1  accumulates  during  the  late  S  and  G2  phases  and 
allows  entry  of  cells  into  the  M  phase  and  is  rapidly  degraded  at  the  end  of  mitosis, 
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allowing  the  cells  to  divide  (35).  Inappropriate  accumulation  of  cyclin  B1  or  its  untimely 
degradation,  have  been  reported  to  induce  a  GJM  arrest  in  cells  (36-40).  Taxol 
treatment  was  reported  to  increase  cyclin  B1  protein  in  epidermoid  carcinoma  KB  cells, 
parallel  to  mitotic  arrest  and  programmed  cell  death  (36).  Similarly,  treatment  of  HeLa 
S3  cells  with  X-irradiation  was  associated  with  G2/M  arrest  and  accelerated 
accumulation  of  cyclin  B1  (37). 

Alternately,  decreased  amount  of  cyclin  B1  protein  and  G2  arrest  were  reported 
after  colcemid  treatment  (38)  and  high  doses  of  ionizing  radiation  (39)  in  HeLa  cells.  In 
our  study,  lower  concentrations  of  genistein  treatment  resulted  in  the  accumulation  of 
cyclin  B1  compared  to  untreated  cells.  However,  100  pM  genistein  treatment  resulted  in 
a  progressive  decrease  of  cyclin  B1  protein  level.  This  result  is  consistent  with  a  recent 
report  showing  a  decrease  in  cyclin  B1  at  100  pM  genistein  in  MDA-MB-231  breast 
cancer  cells  (32).  However,  the  effect  of  genistein  at  lower  concentrations  on  cyclin  B1 
levels  was  not  examined  in  this  study  (32).  Our  results  suggest  that  accumulation  of 
cyclin  B1  occurs  early  in  G2/M  phase,  whereas  strong  apoptotic  signals  generated  at 
100  pM  genistein  may  lead  to  a  degradation  of  the  protein. 

In  contrast  to  genistein,  100  pM  quercetin  treatment  for  24  h  increased  cyclin  B1 
levels  compared  to  untreated  controls  in  MDA-MB-468  cells,  similar  to  the  microtubule 
inhibitor  nocodazole  (41).  These  results  suggest  that  the  mechanism  of  G2/M  arrest  by 
quercetin  may  follow  a  similar  pathway  as  low  doses  of  genistein.  However,  at  higher 
concentrations,  genistein  may  be  interacting  with  other  pathways  to  generate  more 
potent  apoptotic  effects. 

In  mammalian  cells,  the  levels  of  both  mRNA  and  protein  of  cyclin  B1  oscillate 
between  the  initiation  and  completion  of  mitosis.  Growth  inhibitory  agents  alter  one  of 
these  parameters  to  deregulate  the  levels  of  these  proteins,  and  cause  cell  cycle 
perturbations.  For  example,  treatment  of  HeLa  cells  with  camptothecin  was  reported  to 
result  in  cyclin  B1  accumulation,  due  to  reduced  rate  of  degradation  of  the  protein  (40). 
Also,  irradiation  of  HeLa  cells  was  reported  to  decrease  cyclin  B1  availability  for  G2/M 
transition  by  delaying  its  mRNA  synthesis  during  S  phase  or  increase  the  degradation 
of  the  protein  in  the  G2/M  phase,  leading  to  cell  cycle  arrest  (39).  It  is  not  clear  if  the 
changes  seen  in  cyclin  B1  level  with  genistein  and  quercetin  treatment  are  due  to 
alterations  in  the  synthesis  or  degradation  of  the  protein  or  mRNA. 

Accumulation  of  cells  in  the  G2/M  phase  and  apoptotic  cell  death  were  prominent 
features  of  the  mechanism  of  action  of  genistein  and  quercetin  in  MDA-MB-468  cells. 
However,  with  genistein,  inhibition  of  DNA  synthesis  appears  not  to  be  dependent  of 
G2/M  arrest  because  10  pM  genistein  was  able  to  suppress  DNA  synthesis  by  53% 
whereas  G2/M  arrest  was  not  apparent  at  this  concentration.  Effects  of  genistein  were 
manifested  as  irreversible  inhibition  of  DNA  synthesis  at  50  and  100  pM  concentrations, 
with  as  little  as  2  h  of  exposure  in  MDA-MB-468  cells.  Interestingly,  other  structurally 
related  phytoestrogens,  such  as  biochanin  A  and  kaempferol  only  had  minor  effects  on 
apoptosis,  even  though  these  compounds  had  growth  inhibitory  effects  with  IC50  of  -45 
pM.  Thus,  biochanin  A  and  kaempferol  may  exert  growth  inhibition  by  molecular 
pathways  different  from  that  of  genistein  and  quercetin.  Genistein  and  quercetin  appear 
to  alter  additional  targets  of  signal  transduction  pathway,  leading  to  their  diverse  effects 
on  DNA  synthesis,  G2/M  arrest  and  apoptosis  of  MDA-MB-468  cells. 
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I  completed  the  second  task  proposed  for  the  second  year  of  my  grant  period 
and  made  major  progress  in  the  other  two  tasks  proposed.  In  our  EMSA  experiments 
we  found  an  increased  binding  of  ER  (3  to  ERE  in  the  presence  of  genistein,  however, 
sucrose  gradient  analysis  showed  a  monomeric  ER  (3  with  genistein  unlike  a  dimer 
obtained  with  estradiol.  These  seemingly  paradoxical  results  will  be  studied  in  depth  by 
using  ERE  in  our  sucrose  gradient  studies.  In  addition  to  the  tasks  proposed  in  the 
second  year,  I  completed  some  of  the  work  proposed  for  the  third  year  of  my  study. 
Additional  research  related  to  this  work  was  also  performed  and  the  data  consolidated 
for  publication. 

(7)  KEY  RESEARCH  ACCOMPLISHMENTS 

A  summary  of  my  accomplishments  during  this  report  period  is  given  below. 


Tasks  for  this  report 

Status 

•  Months  13-16 

ER-ERE  interactions  in  the  presence  of  phytoestrogens- 
partially  completed  and  these  data  were  presented  as  an 
abstract  at  the  Annual  Meeting  of  the  American  Association  of 
Cancer  Research,  1999,  Philadelphia. 

•  Months  17-19 

Cell  proliferation  studies  -  completed  and  this  data  was  used 
in  the  manuscript. 

•  Months  20-26 

Expression  of  c -myc,  ODC  and  pS2  genes  by 
phytoestrogens-partially  completed. 

Tasks  proposed  for  the  third  year 

•  Months  27-28 

Cell  cycle  kinetics  -  completed. 

•  Months  29-36 

Cell  cycle  regulatory  protein  expression  -  completed  with  ER- 
negative  cells.  Studies  will  be  continued  with  ER-positive 
cells. 

The  data  from  the  above  two  tasks  were  presented  in  the 
Annual  Meeting  of  the  American  Association  of  Cancer 
Research,  1999,  Philadelphia  and  also  used  in  the 
preparation  of  the  manuscript. 

"Additional  tasks 

1 .  Binding  of  [14C]-genistein  to  ER  a  and  ER  p-  completed 

2.  Growth  reversal  experiments  with  genistein-completed. 

3.  Apoptotic  cell  death  of  MDA-MB-468  cells  -  completed. 

*These  experiments  were  not  proposed,  but  are  conducted  to  understand  in 
depth,  the  ER-dependent  and  -independent  effects  of  phytoestrogens. 
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(8)  REPORTABLE  OUTCOMES 


1 .  Presented  two  abstracts  titled  “Genistein  induces  apoptosis  and  biphasic  changes  in 
cyclin  B1  in  MDA-MB-468  breast  cancer  cells”  and  “Interaction  of  genistein  and  other 
phytoestrogens  with  estrogen  receptor  (ER)”  to  the  Annual  Meeting  of  the  American 
Association  of  Cancer  Research,  1999,  Philadelphia,  PA  (COPY  ATTACHED). 

2.  Submitted  a  manuscript  titled  “Effects  of  Genistein  and  Structurally  Related 
Phytoestrogens  on  Cell  Cycle  Kinetics  and  Apoptosis  in  MDA-MB-468  Human  Breast 
Cancer  Cells”  (COPY  ATTACHED). 

(9)  CONCLUSIONS. 

(i)  Genistein  did  not  significantly  alter  ER  a  and  ERE  binding  in  EMSA.  In  contrast,  at 
500  nM  concentration,  genistein  facilitated  ER  p-ERE  binding.  Our  sucrose  gradient 
experiments  showed  that  genistein  at  10  |iM  was  unable  to  dimerize  ER  a  or  p 
protein,  a  step  that  offers  conformational  advantage  for  binding  of  ER  to  ERE.  In 
contrast,  estradiol  treatment  resulted  in  the  sedimentation  of  the  protein  in  the 
dimeric  6S  form. 

(ii)  Genistein,  biochanin  A,  daidzein  and  kaempferol  have  growth  stimulatory  effects  in 
ER-positive  MCF-7  cells,  although  at  higher  concentrations,  genistein,  biochanin  A 
and  kaempferol  were  growth  inhibitory.  In  contrast,  quercetin  had  growth  inhibitory 
effects  at  all  concentrations  studied. 

(iii)  Genistein  and  quercetin  were  potent  growth  inhibitors  of  ER-negative  MDA-MB-468 
breast  cancer  cells.  Accumulation  of  cells  at  the  G2/M  phase  and  apoptotic  cell 
death  were  prominent  effects  of  these  two  compounds. 

(iv)  The  effect  of  genistein  on  cyclin  B1  protein  level  was  biphasic  in  both  MCF-7  and 
MDA-MB-468  cells,  with  lower  concentrations  increasing  the  level  of  the  protein  and 
higher  concentrations  decreasing  it. 

SO  WHAT. 

Our  results  may  have  practical  applications  for  the  treatment  of  ER-negative 
breast  cancer,  as  ER-positive  cells  acquire  ER-negative  phenotype  that  is  more 
aggressive  and  resistant  to  antiestrogen  therapy  (42).  Under  these  conditions,  genistein 
and  quercetin  may  be  useful  to  inhibit  breast  cancer  cell  growth  as  their  growth 
inhibitory  effects  are  ER-independent.  In  this  context,  it  is  also  important  to  note  that 
genistein  suppressed  the  growth  of  nude  mice  xenografts  in  ER-positive  and  -negative 
breast  cancer  cells  (43).  Investigations  on  the  mechanism  of  action  of  phytoestrogens 
and  their  combination  in  chemo-  and  radiation  therapy  might  be  a  fruitful  approach  to 
the  design  of  improved  breast  cancer  therapies. 
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Table  1 .  IC50  values  for  phytoestrogens  needed  for  cell  growth  inhibition 


Cells  were  treated  with  each  of  the  phytoestrogens  at  0,  10,  25,  50, 100  jxM 
concentrations  for  24,  48  or  72  h.  Cell  growth  was  determined  by  [3H]-thymidine 
incorporation  assay.  IC50  value  was  calculated  from  the  growth  curves  as  the 
concentration  that  inhibited  50%  of  cell  growth.  The  values  are  an  average  of  two 
separate  experiments  conducted  in  triplicate. 


Phytoestrogen  IC50,  |iM  (concentration  ±  SD) 


MCF-7  cells 

MDA-MB-468  cells 

Genistein 

37  ±  3.8 

8.8  ±1.6 

Quercetin 

17.3  ±2.7 

18.1  ±1.6 

Biochanin  A 

40  ±4.1 

44.0  ±10.1 

Kaempferol 

50  ±  3.9 

47.0  ±  2.9 

Daidzein 

>100 

>100 

Table  2.  Effect  of  phytoestrogens  on  cell  cycle  distribution  of  MDA-MB-468  cells 


Flow  cytometric  analysis  was  performed  and  the  percentage  of  cells  in  the  Go/Gi,  S  and  G2/M 
phases  of  the  cell  cycle  was  calculated  using  the  CytoLogic  software,  after  treatment  of  MDA- 
MB-468  cells  with  different  phytoestrogens  for  24  h.  ‘Significantly  different  from  control, 


p<0.05,  (n  =  6). 


Phytoestrogen 

Concentration 

G0/G1 

S 

g2/m 

Control 

0 

59.0  ±1.7 

22.4  ±1.1 

17.5  ±1.1 

Genistein 

10  pM 

65.5  +  1.6* 

18.3  ±1.6 

16.2  ±  1.9 

25  pM 

47.9  ±  0.9* 

23.3  ±  1 .3 

33.2  ±  0.7* 

50  pM 

27.7  ±  0.3* 

17.0  ±0.9 

49.5  ±  0.7* 

100  pM 

27.3  ±  3.2* 

3.0  ±0.9* 

70.0  ±  4.3* 

Quercetin 

10  pM 

52.1  ±2.1* 

32.6  ±  4.3* 

15.2  ±2.5 

25  pM 

50.5  ±  0.7* 

27.7  ±1.2 

21 .7  ±0.7 

50  pM 

48.4  ±  1.3* 

24.7  ±2.5 

41 .2  ±2.2* 

100  pM 

35.0  ±5.1* 

5.0  ±2.1* 

60.0  ±  5.2* 

Kaempferol 

10  pM 

58.8  ±  0.2 

20.9  ±0.9 

20.3  ±  1.1 

25  pM 

58.2  ±  0.5 

20.6  ±1.3 

21.2  ±1.7 

50  pM 

46.4  ±  4.2* 

19.5  ±0.9 

34.1  ±3.3* 

100  pM 

45.6  ±  2.7* 

19.2  ±1.1 

35.1  ±1.7* 

Biochanin  A 

10  pM 

59.7  ±  0.4 

22.9  ±1.1 

17.4  ±0.8 

25  pM 

60.9  ±  0.1 

20.7  ±1.1 

18.3  ±1.2 

50  pM 

60.3  ±1.2 

20.9  ±1.0 

18.7  ±0.5 

100  pM 

59.7  ±1.6 

20.9  ±0.1 

19.3  ±  1.5 

Daidzein 

10  pM 

57.1  ±1.8 

19.5±  1.1 

20.0  ±  2.7 

25  pM 

52.6  ±1.2 

20.7  ±1.1 

23.6  ±  2.5 

50  pM 

53.8  ±  5.7 

19.1  ±0.7 

22.8  ±  5.4 

100  pM 

52.2  ±  5.7 

22.5  ±3.9 

21 .8  ±2.3 
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Table  3.  Phytoestrogen  treatment  on  cell  cycle  distribution  of  MCF-7  cells 


MCF-7  cell  cycle  distribution  was  determined  after  treatment  with  genistein  or  quercetin 
for  24  h  using  flow  cytometric  analysis.  ‘Significantly  different  from  control  at  p<0.05. 


%  Cells  at  24  h  after  treatment 

Treatment 

_  Go/G, 

S 

G,/M 

Control 

62.2  ±1.4 

21.9  ±  1.9 

9.9  ±1.6 

Genistein 

10  |iM 

25  pM 

50  |iM 

100  |iM 

62.7  ±8.2 

61.1  ±0.2 

55.4  ±  0.2 

40.4  ±  1 .2 

25.9  ±0.01 

25.21  ±1.6 

27  ±1.4 

15.5  ±1.8 

17.2  ±0.07 

13.6  ±1.6 

17.6±  1.6 

42.4  ±  0.9* 

Quercetin 

10  pM 

25  |iM 

50  \lM 

100  |iM 

56.64  ±  1 .0 
53.49  ±  2.0 

50.65  ±  1 .8 

50.5  ±  1.6 

33.9  ±  4 

23.91  ±3.6 

14.8  ±0.2 

12.3±  1.5 

9.46  ±1.1 

22.6  ±1.7 

34.55  ±1.6 

37.2  ±  2.3* 
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Table  4.  Effect  of  phytoestrogens  on  percentage  apoptosis  of  MDA-MB-468  cells 


APO-BRDU™  analysis  for  apoptosis  was  determined  after  treatment  of  MDA-MB-468  cells 
with  different  phytoestrogens  for  24  h.  DNA  fragments  in  apoptotic  cells  are  end-labeled  with 
BRDU  and  incubated  with  fluorescent  tagged  BRDU-specific  antibody.  Fluorescence  intensity 
generated  is  proportional  to  the  percentage  apoptosis  as  determined  by  flow  cytometry. 
‘Significantly  different  from  control,  p<0.01 ,  (n  =  6). 

Phytoestrogen  %  apoptosis  by  24  h  treatment  with: 


0  |iM 

10  p,M 

25  |iM 

50  |iM 

100  |xM 

Genistein 

1.6  ±0.6 

19.5  ±9.8* 

34.7  ±  8.3* 

64.3  ±15.0* 

86.0  ±4.0* 

Quercetin 

1.6  ±0.6 

3.3  ±  0.4 

12.3  ±1.5* 

18.1  ±5.6* 

47.2  ±1.5* 

Biochanin  A 

1.5  ±0.6 

1.5  ±0.1 

3.8  ±1.3 

6.1  ±0.3* 

1 1 .2  ±  1 .2* 

Daidzein 

1.5  ±0.8 

1.3  ±0.1 

2.4  ±0.1 

2.9  ±0.1 

1.7  ±0.6 

Kaempferol 

1.9  ±0.1 

2.5  ±1.7 

3.4  ±  0.7 

3.7  ±  0.7 

4.8  ±  0.4** 
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FIGURE  1 
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FIG.  1.  CHEMICAL  STRUCTURES  OF  17-p-ESTRADIOL 
AND  PHYTOESTROGENS  USED  IN  THIS  STUDY 


FIGURE  2 
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FIG.  2.  Electrophoretic  mobility  shift  assay  to  determine  the  ability  of  genistein  in 
facilitating  ER  P-ERE  interaction.  ER  p  (500  ng)  was  incubated  with  4  nM  E2  or 
different  concentrations  of  genistein  at  4°C  for  2  h.  A  4  X  binding  buffer  (final 
concentration  reaching  10  mm  Tris-HCl,  10%  glycerol,  1  mm  dithiothreitol  and 
10  |ig/ml  poly(dI-dC) .  poly(dl-dC))  was  added  for  15  min.  Labeled  ERE  was  then 
added  to  this  reaction  mixture  and  incubated  for  an  additional  1  h  at  4°C 
and  30  min  at  room  temperature  and  loaded  on  to  a  6%  polyacylamide  gel. 
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FIGURE  3 


FIG.  3.  Sucrose  gradient  density  profile  of  recombinant  ER  a  bound  to  (A). 

[3H] -estradiol  or  (B).  [14C]-genistein.  ER  a  (500  fmoles)  was  incubated  with 
[3H] -estradiol  or  [14C]-genistein  for  3  h  and  treated  with  dextran  coated  charcoal  to 
remove  free  ligand.  ER  was  analyzed  in  10-30%  linear  sucrose  gradients.  [14C]-labeled 
proteins  ^-globulin  (7S)  and  bovine  serum  albumin  (4.6S)  were  used  as  markers  of 
sedimentation  constants.  Total  (o  )  binding  in  the  presence  of  10  nM  [3H] -estradiol  or 
10  pM  [14C]-genistein  and  non-specific  (•)  binding  in  the  presence  of  100-fold  excess  of 
the  respective  unlabeled  compound. 
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FIGURE  4 


FIG.  4.  Sucrose  gradient  density  profile  of  recombinant  ER  p  bound  to  (A). 

[3H] -estradiol  or  (B).  [14C]-genistein.  ER  (3  (500  fmoles)  was  incubated  with 
[3H]-estradiol  or  [14C]-genistein  for  3  h  and  treated  with  dextran  coated  charcoal  to 
remove  free  ligand.  ER  was  analyzed  in  10-30%  linear  sucrose  gradients.  [14C]-labeled 
proteins  ^-globulin  (7S)  and  bovine  serum  albumin  (4.6S)  were  used  as  markers  of 
sedimentation  constants.  Total  (o  )  binding  in  the  presence  of  10  nM  [3H] -estradiol  or 
10  fiM  [14C]-genistein  and  non-specific  (•)  binding  in  the  presence  of  100-fold  excess  of 
the  respective  unlabeled  compound. 
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FIGURE  5 


FIG.  5.  Sucrose  density  gradient  profile  of  a  1:1  mixture  of  recombinant 
ER  a  and  ER  p  bound  to  [14C]-genistein.  ER  a  and  P  (500  fmoles  each) 
were  incubated  with  [14C]-genistein  for  3  h  and  treated  with  dextran  coated 
charcoal  to  remove  free  ligand.  [14C]-labeled  proteins  y-globulin  (7S) 
and  bovine  serum  albumin  (4.6S)  were  used  as  markers  of  sedimentation 
constants.  Binding  in  the  presence  of  10  pM  [14C]-genistein  (o )  and  10  pM 
[14C]-genistein  with  0.5  nM  unlabeled  estradiol  (•  )  are  shown. 
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FIGURE  6 


MCF-7  CELLS 


TIME  OF  TREATMENT,  HOURS 


FIG.  6.  Effects  of  genistein  and  quercetin  on  cell 
proliferation.  MCF-7  cells  were  treated  with  0  (O),  10  p),  25 
(s),  50  (^)  and  100  (p)  concentrations  of  (A)  genistein  or 

(B)  quercetin  for  24,  48  or  72  h.  DNA  synthesis  was 
measured  by  pulse  labeling  for  1  h  with  1  |xg/ml  [3H]- 
thymidine.  *Significant  difference  from  control  (p<0.05). 
Data  are  the  mean  +/-  SD  from  two  experiments. 
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FIGURE  7 


MDA-MB-468  CELLS 


24  48  72 

TIME  OF  TREATMENT,  HOURS 

FIG.  7.  Effects  of  genistein  and  quercetin  on  cell 
proliferation.  MDA-MB-468  cells  were  treated  with  0  (p),  10 
(E),  25  (&),  50  (S)  and  100  (ft)  concentrations  of  (A) 
genistein  or  (B)  quercetin  for  24,  48  or  72  h.  DNA  synthesis 
was  measured  by  pulse  labeling  for  1  h  with  1  n,g/ml  [3H]- 
thymidine.  ^Significant  difference  from  control  (p<0.05). 
Data  are  the  mean  +/-  SD  from  two  experiments. 
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FIGURE  8 
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FIG.  8.  Effect  of  genistein  on  the  level  of  ODC  mRNA  in  MCF-7  cells. 
Cells  were  treated  with  100  |a,M  genistein  for  2, 4,  or  8  h.  Total  RNA 
was  extracted,  separated  on  1%  agarose  gel,  transferred  to  a 
nylon  membrane  and  probed  with  labeled  ODC  cDNA. 
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FIGURE  9 
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FIG.9.  Effect  of  genistein  on  the  level  of  c -myc  mRNA  in  MCF-7  cells. 
Cells  were  treated  with  10, 25,  50  or  100  |iM  genistein  for  24  h.  Control 
cells  had  40  jil  of  DMSO.  Total  RNA  was  extracted,  separated  on  a  1% 
agarose  gel,  transferred  to  a  nylon  membrane  and  probed  with 
labeled  c -myc  cDNA. 
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FIG.  10.  Flow  cytometry  profile  of  cell  cycle  distribution  of  MDA-MB-468  cells. 
Cells  were  treated  with  0, 10, 25, 50,  and  100  |xM  concentrations  of  (A)  genistein, 
(B)  quercetin  or  (C)  kaempferol  for  24  h.  RNase  treated  and  propidium  iodide 
stained  cells  were  sorted  by  flow  cytometry. 
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FIG.  11.  Western  blot  analysis  of  cyclin  B1,  cdc2  and  p-actin 
protein  expression  in  MDA-MB-468  cells  treated  with  0, 10, 
25,  50  and  100  {iM  concentrations  of  genistein  for  24  h. 
Protein  lysates  were  electrophoresed,  transferred  onto  a 
PVDF  immobilon  membrane  and  probed  with  an  antibody 
against  cyclin  B1  cdc2  or  p-actin.  Similar  results  were 
obtained  in  three  independent  experiments. 
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FIGURE  12 


FIG.  12.  Western  blot  analysis  of  cyclin  B1  and  cdc2  protein 
expression  in  MDA-MB-468  cells  treated  with  0, 10,  25,  50 
and  100  [iM  concentrations  of  quercetin  for  24  h.  Protein 
lysates  were  electrophoresed,  transferred  onto  a  PVDF 
immobilon  membrane  and  probed  with  an  antibody  against 
cyclin  B1  or  cdc2.  Similar  results  were  obtained  in  two 
separate  experiments. 
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FIGURE  13 
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FIG.  13.  Growth  reversal  of  MDA-MB-468  cells  after  treatment 
with  genistein.  Cells  were  treated  with  increasing 
concentrations  of  genistein  for  (A)  2,  4,  6  h  and  (B)  8, 16  and  24 
h.  After  treatment,  media  was  replaced  with  fresh  media  without 
drug  for  an  additional  24  h  and  [3H]-thymidine  incorporation 
assay  was  performed  as  described  in  Materials  and  Methods. 
^Significant  difference  from  control  (p<0.05).  The  experiment 
was  performed  in  triplicate.  Error  bars  indicate  SD. 
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for  24  h.  Harvested  cells  were  stained  with  both  propidium  iodide  and  fluorescein 
-BRDU  monoclonal  antibody  and  were  analyzed  by  flow  cytometry.  Panel  A: 
cytograms  with  cell  number  on  X  axis  vs.  relative  fluorescence  intensity  (log  green 
fluorescein  BRDU)  on  Y  axis.  Panel  B:  histograms  showing  percentage  of  apoptotic 
cells.  X  axis,  fluorescence  intensity;  Y  axis,  cell  number. 


FIGURE  15 


FIG.  15.  Genistein  induced  apoptotic  cell  death  of  MDA-MB-468  cells 
as  determined  by  33342  Hoechst  staining.  Cells  were  treated  with 
genistein  (0, 10,  25  and  50  panels  A  through  D,  respectively)  for 
24  h  and  fixed  in  4%  paraformaldehyde.  Then  the  cells  were  treated 
with  Hoechst  33342  dye  and  the  stained  nuclei  were  visualized  under 
fluorescence  microscope.  Irregular  and  condensed  or  fragmented 
nuclei  were  observed  as  characteristic  features  of  apoptosis. 

To  quantify  apoptosis,  cells  from  three  different  fields  were  counted, 
with  about  100  cells  per  field. 
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APPENDIX  1 


Acronym  and  symbol  definitions  in  alphabetical  order 


DCC 

Dextran  coated  charcoal 

DES 

Diethyl  stilbestrol 

DMEM 

Dulbecco’s  minimal  essential  medium 

DMSO 

Dimethyl  sulfoxide 

EMSA 

Electrophoretic  mobility  shift  assay 

e2 

Estradiol 

ER 

Estrogen  receptor 

ERE 

Estrogen  response  element 

FBS 

Fetal  bovine  serum 

IMEM 

Improved  minimum  essential  medium 

ODC 

Ornithine  decarboxylase 
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not  abrogate  Bcl-2  phosphorylation  nor  apop  osis.  WAF1/C1P1  jncjuctjon  Rb 

WM&mmi ' 

hh 

cells  protecting  from  PTX  cytotoxicity.  F 

SSTSS "£Z 

ovarian,  non-small  cell  lung,  nea°  .  recoanized  mode  of  action  as 

S3SESS 

whose  functions  have  nobeen  idenhhed.  Weha  primary  human 

tion  from  the  expression  of  this 

monocytes  where  Mh  t^oi  and  comp|etely  inhibited  in  the  human 

gene  product.  PGHS2  production  coui^  ^  results  jndlcate  that  a  signal 

transduction  systemwoud be  limrted ane-mldiated  gene  induction  utilizing 
are  presently  identifying  the  scope  of  taxane  meoiaie  y  uti|izing  both 

iwtru'wrsswsi 

Isllsii 

(P70S6K)  and  elF4E  tP^,^SG  V  asanttopated  but  completely  inhibits  terminal 
that  rapamycm  arrests  cells  in  G1 ,  as  anticipa  eo  o  M  |n.resjstanl  mTOR 

myogenesis.  Stable  expression  ittd  myoblasts,  confirming  that 

(S203S  » 1)  allows  myogenesKin  npanycn  t  ed^  eystablished  stabte  C2C12 
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^depttnt^^ 
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lines  and  the  inhibition  of  their  pro  iteration^ analogue!  with! 
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:  #82  Genistein  induces  apoptosis  and  fagta* '  .^gesS  ‘"rhomas.6^ 
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n  preventive  effects.  We  examined  its  effects  on  cell  growth,  cell  cycle  p  g  .  ^ 
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apoptosis,  and  on  cell  cycle  regulatory  proteins  in  MDA-MB-468  breast  cancer 
cells.  Genistein  inhibited  cell  growth  with  an  IC50  of  8.8  ±1.8  /xM  and  it  caused 
G2/M  arrest  of  these  cells  (16  to  70%  at  10  to  100  jliM)  by  24  h.  The  percentage 
of  apoptosis  was  analyzed  by  APO-BRDU  kit.  Genistein  (10  to  100  juM)  caused 
apoptosis  of  27  to  90%  of  the  cells  by  24  h.  Apoptosis  was  also  confirmed  by 
Hoechst  33342  staining  and  fluorescence  microscopy.  Western  blot  analysis  of 
cyclin  B1  showed  a  biphasic  response,  with  an  increase  at  25  /xM  genistein,  but 
a  90%  decrease  at  50  and  100  ptM  concentrations.  There  was  no  significant 
changes  in  the  level  of  cyclin  D1  or  0-actin.  As  little  as  1  h  of  exposure  with  100 
genistein  was  sufficient  to  induce  irreversible  suppression  of  DNA  synthesis. 
Our  results  indicate  that  breast  cancer  cell  growth  suppression  by  genistein 
includes  G2/M  arrest,  disruption  of  cyclin  B1  regulation  and  the  induction  of 
apoptosis. 

#83  Doxycycline-regulated  over-expression  of  spermidine/spermine  N1- 
acetyltransferase  (SSAT)  inhibits  cell  growth  and  enhances  sensitivity  to  the 
polyamine  analog,  N\  N^-diethytnorspermine  (DENSPM).  Vujcic,  S.t 
Halmekyto,  M.,  Janne,  J.,  Porter,  C.W.  Roswell  Park  Cancer  Institute,  Buffalo,  NY, 
14263  and  A/.  Virtanen  Institute,  University  of  Kuopio,  Kuopio  Finland. 

DENSPM  is  a  polyamine  analog  currently  undergoing  Phase  II  clinical  evalua¬ 
tion.  In  addition  to  down-regulating  polyamine  biosynthesis,  the  analog  potently 
upregulates  the  polyamine  catabolic  enzyme  SSAT.  To  further  address  the  role  of 
SSAT  induction  in  the  regulation  of  polyamine  pools  and  cell  growth,  we  have 
established  MCF-7  human  breast  adenocarcinoma  cells  containing  a  SSAT  gene 
under  the  control  of  a  tetracyline-regulatable  system.  Removal  of  doxycycline  for 
4  days  caused  a  5-fold  increase  in  SSAT  RNA  and  a  10-fold  increase  in  enzyme 
activity.  Putrescine,  spermidine  and  spermine  pools  were  depleted  by  -50-75% 
while  N1-acetylated  spermidine  and  spermine  pools  increased  significantly.  Cell 
growth  was  inhibited  by  40%  relative  to  cells  grown  in  presence  of  doxycycline 
indicating  that  SSAT  overexpression  itself  is  sufficient  to  reduce  cell  growth  rate. 
Treatment  of  SSAT  overexpressing  cells  with  10  jxM  DENSPM  caused  a  much 
more  rapid  cytotoxic  response  than  in  cells,  which  were  not  overexpressing  the 
enzyme.  The  results  indicate  that  induction  of  SSAT  is  an  important  determinant 
of  DENSPM  drug  action  and  that  therapeutic  strategies,  which  increase  SSAT 
expression,  might  be  useful  in  cancer  therapy.  (Supported  by  CA-76429). 

#84  Is  inhibition  of  histone  deacetylase  responsible  for  phenylbutyrate 
(PB)-induced  cytostasis  and  differentiation  in  myeloid  neoplasms?  Fu,  S.  and 

Gore,  S.D.  The  Johns  Hopkins  Oncology  Center,  Baltimore,  MD  21287-8963. 

Sodium  PB  induces  cell  cycle  arrest,  terminal  differentiation,  and  apoptosis  in 
myeloid  leukemia  cells  and  has  demonstrated  clinical  activity  in  Phase  I  trials  in 
myeloid  disorders.  The  cellular  actions  of  PB  appear  more  similar  to  sodium 
butyrate  (SB)  than  phenylacetate.  Prominent  among  the  numerous  molecular 
activities  of  PB  may  be  inhibition  of  histone  deacetylase,  similar  to  SB.  We  have 
compared  the  dose  response  characteristics  of  PB  for  changes  in  histone  acet¬ 
ylation  to  its  pharmacodynamic  effects,  and  examined  the  pharmacodynamic 
effects  of  the  histone  deacetylase  inhibitor  Trichostatin  A  (ISA)  in  the  ML-1 
myeloid  leukemia  cell  model.  ML-1  cells  were  cultured  in  the  presence  or  absence 
of  TSA  or  PB  for  1  -  3  days  before  evaluation  of  differentiation,  cell  cycle 
parameters,  apoptosis,  and  induction  of  p21WAF1/GIP\  Unlike  PB,  TSA  did  not 
lead  to  induction  of  CD1  lb.  Like  PB,  TSA  led  to  rapid  induction  of  expression  of 
p21,  accompanied  by  G2/M  arrest  in  the  case  of  TSA  in  contrast  to  PB  treatment 
which  is  associated  with  G1  arrest.  TSA  was  a  strong  inducer  of  apoptosis 
(ED50  -  0.2  nM);  in  contrast  the  ED50  for  apoptosis  induction  by  PB  is  twice  that 
for  CD1  1b  induction  and  cell  cycle  arrest.  Incubation  of  ML-1  cells  with  PB 
induced  detectable  histone  acetylation  at  doses  ranging  from  1  to  5  mM;  all 
measured  pharmacodynamic  endpoints  are  induced  within  this  dose  range.  While 
PB  clearly  leads  to  induction  of  histone  acetylation  in  ML-1  cells,  these  data 
suggest  that  inhibition  of  histone  deacetylase  in  myeloid  leukemia  cells  may  not 
account  for  all  of  the  pharmacodynamic  actions  of  PB. 

#85  Inhibitors  of  arachidonic  acid  metabolism  block  migration  of  human 
glioma  cells.  Giese  A.,  Zapf  S.,  Kiirzel  F.,  Berens  M.E.*  Dept.  Neurosurgery 
University  Hospital  Eppendorf,  20246  Hamburg,  Germany  *Dept  Neuro-Oncol¬ 
ogy,  Barrow  Neurological  Institute,  Phoenix,  Arizona,  USA. 

Differential  mRNA  display  previously  identified  thromboxane  synthase  (Thxsyn) 
as  differentially  expressed  in  migratory  glioma  cells.  We  have  characterized  the 
expression  of  cyclooxygenase  I  and  II  as  well  as  Thxsyn  in  glioma  cell  lines  and 
tissue  from  various  glial  tumors.  In  addition  inhibitors  of  these  enzymes  were  used 
to  block  migration  of  glioma  cell  lines  in  vitro.  RT-PCR  demonstrated  Thxsyn 
expression  in  9  out  of  1 1  cell  lines,  in  contrast  astrocytes  did  not  express  Thxsyn. 
COX  I  and  COX  II  were  expressed  in  8  of  1 1  and  10  of  1 1  cell  lines  respectively, 
expression  in  astrocytes  was  present  at  low  levels.  Immunohistochemistry  dem¬ 
onstrated  COX  and  Thxsyn  expression  in  gliomas  of  various  grads  with  high 
expression  in  low  grade  gliomas  and  decreased  and  focal  expression  in  the  most 
Jjalignant  glioblastomas  which  also  demonstrated  the  highest  proliferation  rates, 
glioma  cell  lines  showed  a  wide  range  of  thromboxane-B2  expression  by  ELISA, 
wpression  correlated  with  migration  rates.  Inhibitors  of  Thxsyn  and  COX  were 
ested  in  migration  assays,  inhibitors  such  as  indomethacin  and  imidazole  had 
we  or  no  effect.  The  highly  specific  Thxsyn  inhibitors  furegrelate  and  dazmegrel 
Wed  glioma  migration  in  a  dose  dependent  manner  to  levels  of  non-specific 
utility,  in  addition  cell  attachment  to  matrix  was  slightly  enhanced  in  a  substrate 


independent  manner.  In  contrast  cell-cell  adhesion  was  strongly  decreased. 
Thromboxane  synthase  plays  a  crucial  role  in  the  signal  transduction  of  glioma 
motility,  possibly  regulating  migration  as  well  as  detachment  from  neighboring 


#86  Progressive  delayed  cardiovascular  toxicity  in  doxorubicin-but  not  in 
MEN  10755- treated  rats.  ,G.  Sacco,  R.  Cirillo,  M.  Bigioni,  S.  Venturella,  C.A. 
Maggi,  F.  Animati  and  S.  Manzini.  Menarini  Ricerche,  00040  Pomezia,  Italy. 

MEN  10755  is  a  new  disaccharide  anthracycline  with  a  broad  spectrum  of 
antitumoral  activity  against  a  wide  panel  of  human  xenografts  (Arcamone  et  al., 
JNCI,  1997,  16,  1217-1223;  Pratesi  et  al.,  Clinical  C.  R.,  in  press).  The  risk  of 
delayed  cardiomyopathy  is  a  major  burden  in  clinical  use  of  anthracycline  (R.  D, 
Olson  et  al.,  FASEB  J.,  1990,  4,  3076-3086).  The  delayed  functional  cardiotoxic 
effects  (ECG  analysis,  haemodynamics  and  isoprenaline-induced  cardiac  re¬ 
sponses)  of  treatment  with  equimyelotoxic  regimen  of  MEN  10755  and  doxoru¬ 
bicin  (1.5  mg/kg  i.v.  weekly  for  five  times)  were  investigated  (at  4  and  13  weeks 
after  the  last  treatment)  in  anaesthetized  rats.  Doxorubicin  induced  significant 
ECG  alterations  (prolongation  of  QaT  and  Sol  intervals)  starting  from  2  days  after 
last  treatment.  These  cardiotoxic  effects  were  progressive  being  further  worsened 
after  4  and  13  weeks  of  recovery  period.  MEN  10755  induced  ECG  alterations 
similar  in  nature  but  of  lesser  severity  compared  to  doxorubicin  and  in  addtion 
with  no  progression  at  13  as  compared  to  4  weeks.  Significative  reduction  in 
mean  arterial  pressure,  heart  rate  and  adrenergic  stimulation  of  contractile  per¬ 
formance  (LVSP  and  dP/dt)  was  also  observed,  at  week  4  and  13,  in  animals 
receiving  doxorubicin  but  not  MEN10755.  In  conclusion,  with  an  equimyelotoxic 
regimen,  MEN  10755  produced,  as  compared  to  doxorubicin,  a  minor  ECG 
alterations  and  cardiac  performance  impairment.  In  addition  a  progressive  de¬ 
layed  deterioration  (at  13  weeks)  of  cardiac  toxicities  was  evident  in  doxorubicin- 
but  not  in  MEN  10755-treated  rats. 

#87  Potentiation  of  doxorubicin  (DOX)-induced  apoptosis  by  N-benz- 
yladriamycin-1 4- valerate  (AD198).  Koseki  Y,  Roaten  JB,  Savranskaya  L, 
Lothstein  L,  Rodrigues  PJ,  Israel  M,  and  Sweatman  TW.  University  of  Tennessee 
College  of  Medicine,  Memphis,  TN  38163 , 

AD  198,  a  novel  lipophilic  anthracycline,  is  capable  of  circumventing  multiple 
forms  of  DOX  resistance  (P-gp,  MRP  and  BCI-2  overexpression;  at-MDR).  Recent 
studies  have  shown  that  AD  198  is  a  potent  PKC  inhibitor  while  its  principal 
metabolite,  N-benzyladriamycin  (AD  288)  and  DOX  are  virtually  devoid  of  this 
activity.  In  light  of  these  findings,  we  have  re-examined  our  previous  observation 
that  low  doses  of  AD  198  potentiate  the  cytotoxicity  of  DOX  (clonogenic  assay)  in 
human  ovarian  (OVCAR-3)  carcinoma  cells  (Koseki  et  al  Proc.  AACR  37:  334, 
1996).  The  effects  of  AD  198  and  AD  288  on  DOX-induced  apoptosis  (bisbenz- 
amide  staining)  in  these  cells  were  determined  using  conditions  [DOX  (4.0  j-im)  ± 
AD  198  or  AD  288  (0.3  ^.m):  3-hr  exposure]  identical  to  those  used  earlier.  At  48-hr 
and  72-hr  following  drug  exposure,  apoptotic  indices  were  control  (1.7%  vs. 
1.9%),  DOX  alone  (2.7%  vs.  3.5%),  ADI 98  alone  (1.7%  vs.  3.2%)  and 
DOX+AD198  (8.5%  vs.  11.2%).  By  contrast,  AD  288  (2.9%  and  3.2%  apoptotic 
cells  at  48-hr  and  72-hr,  resp.)  was  without  additional  effect  when  admixed  with 
DOX.  Thus,  the  previously  reported  synergistic  effects  of  AD  198  appear  to 
correlate  with  the  PKC-modulatory  activity  of  this  novel  compound. 

#88  Low  doses  of  anticancer  agents  induce  a  senescence-like  phenotype 
and  mitotic  death  in  human  tumor  cells.  Chang,  B.-D.,  Broude,  E.V.,  Zhu,  H., 
Xuan,  Y.,  Dokmanovic,  M.,  Ruth,  A.,  Kandel,  E.S.,  Lausch,  E.,  Christov,  K.,  and 
Roninson,  I.B.  Depts.  of  Molecular  Genetics  and  Surgical  Oncology  (K.C.),  Uni¬ 
versity  of  Illinois  at  Chicago,  Chicago,  IL  60607. 

Exposure  of  human  HT1080  fibrosarcoma  cells  to  moderate  doses  of  different 
anticancer  drugs  and  ionizing  radiation  induces  two  major  non-exclusive  re¬ 
sponses  in  the  treated  cells.  The  first  response,  induced  in  45-66%  of  the  cells 
after  4  day  exposure  to  ID85  doses  of  all  the  tested  agents,  is  mitotic  death 
characterized  by  the  formation  of  multiple  micronuclei.  The  second  response, 
induced  by  most  agents  in  15-79%  of  the  cells,  was  the  appearance  of  cells  that 
express  senescence-associated  0-galactosidase  (SA-/3-gal)  and  morphologic 
features  of  senescent  fibroblasts.  SA-/3-gal+  cells  that  survive  doxorubicin  treat¬ 
ment  show  increased  DNA  ploidy  and  proliferative  changes  associated  with 
senescence,  including  decreased  DNA  replication,  growth  arrest  after  a  small 
number  of  cell  divisions,  and  loss  of  long-term  clonogenic  potential.  Doxorubicin 
treatment  induced  features  of  senescence  in  10  of  13  tested  cell  lines  derived 
from  different  types  of  human  solid  tumors,  including  all  the  tested  lines  with 
wild-type  p53  and  half  of  p53-mutated  lines.  SA-/3-gal  expression  was  also 
observed  in  a  breast  cancer  xenograft  model  after  in  vivo  retinoid  treatment. 
Induction  of  tumor  cell  senescence  may  provide  an  important  component  of 
treatment  response  in  clinical  cancer. 

#89  Activation  of  MAP  kinase  during  apoptosis  mediated  by  vinorelbine  in 
MCF-7  cells.  Wang,  LG.,  Liu,  XM.,  Kreis,  W.,  Budman,  DR.,  Adams,  LM.  Don 
Monti  Division  of  Med.  Oncol.,  NYU  School  of  Medicine,  North  Shore  University 
Hosp.,  Manhasset,  New  York  11030,  and  Glaxo  Wellcome  Inc.,  5  Moore  Drive 
Research  Triangle  Park,  NC,  27709. 

Vinorelbine  (Navelbine)  is  a  third-generation  vinca  alkaloid  frequently  used 
alone  or  in  combination  with  other  anticancer  drugs.  Our  recent  study  established 
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content  and  elevations  in  p53  levels  observpd  i  and  ?eV,er  resumed  normal 
Western  blot  analyses  did  not  occur.  Furthermnm  C°ntro,s  as  measured  by 
showed  greatly  decreased  entry  into  apontosis  enH  S  Wlth  ,ow  NAD  c°ntent 
necrosis.  These  results  show  that  human  3  d  3n  ,ncreased  occurrence  of 
optimal  NAD  content  have  altered  DNA  dama^e^n^  epitW*al  Ce,,s  with  sud' 

^un0P^mwZat,°n  °f  nlacin  status  maV  be  preventive^  ma  pathwaVs  and  suggest 
(Supported  in  part  by  NIH  Grant  CA65579 )  *  mammary  carcinogenesis. 

^eptor  (ER)6Efalabhadrapatlhrijn|nsanThornas  tTITFZ"  ^  eStr°9e" 

asr T  UMDNj-R°b°« 

efftht^°^R"^°S^V^<^r®®°*,^ncer  cete'cienfe5/  P"?du?8,  exerts  estrogenic 
on  the  incidence  of  human  breast  cancer  in  orde^n  3  !?  haS  preven,ive  effects 
ical  effects,  we  analyzed  the  binding  of  estradiol  n  *°  understand  these  paradox- 
gens  to  MCF-7  cell  ER  and  to  rml  ,radl01’  gemstein,  and  other  phytoestro 
gensto  displace  fHJestradiol  from  ERwL  dTr^fned^8  abiHty  °f  Ph^°estr°- 
,C5o  for  displacing  pHJestradiol  from  recomhinln^o  duby  comPetition  assays, 
compared  to  900  nM  for  ER  from  MCF  ^p^rvh  *  E?“  by  9enistein  was  60  nM 
10-  to  50-  fold  differences  inTeib  aMiL  tn  di2!,  ph»°gens  also  showed 
nant  ER  and  cellular  ER  Sucrose  rienoih  sp(fce  PHJestradiol  from  recombi- 
[  CJ-genistein  showed  a  monomeric  ^S  form^n"*  3naJySis  of  ER“  b°ond  to 
when  bound  to  pHJestradiol.  These  resute  sugoesT^aT  FR°  3  dim6nC  6S  iom 
n  MCF-7  cellular  ER  modulate  the  affinity  of  FR  anH  h  h  5  aSS0Cla,ed  Pr°teins 
to  gemstein  appears  to  be  deficient  in  dimerizatLn and^08?' r°9ens-  ER  bound 
may  play  a  dominant  role  in  genistein-induced S 2^^  °f 

mor  cells.  S^A.8  CosmT^Frank"  A°StataC  aCtivity  in  “CF-7  breast  tu- 

Health,  Dept  Pathology ,  and  Dept.  Radioloainam^fl\  R'  °ept  Environmental 
University,  Fort  Collins,  CO.  9  Ca/  ^alth  Sciences,  Colorado  State 

the  pineal  neurotoi^^^^^  oncostatic  activity  by 

its  mechanism  of  action.  The  following  series  of  MCF  7?dles  have  not  elucidated 
conducted  in  the  absence  of  exogenous  steroTd^  8aSt  tUmor  ce" studiea. 
a  novel  mechanism  of  oncostatic  activity  hAtl0™0^63’  provide  evidence  for 
observed  a  40-60%  loss  of  MCF-7  ce  s  after  *h  °9en°US  hormone.  We  1 

melatonin,  which  confirmed  and  extended  nrev in  treatment  with  100  nM 

unlTy'  ,nterestin9ly,  there  were  no observed  Than  rePOrtS  °f  itS  static  ( 
uptake,  suggesting  a  lack  of  effect  on  cell  cv^fe/n^  9fnM  tritiated  thymidine 
evidence  of  a  cytocidal  effect  came  from  momhnin  k°NA  synthesis-  Further  * 
ative  changes  in  mitochondria,  accompanSd  bv  °bservations  °f  degener-  a 

cytos's.  Studies  of  mitochondrial  function  via  standprH^T0315  and  autoPhag°-  e 

significant  increase  in  oxygen  consumption  ^  po,aro9raPby  revealed  a  S 

Enzyme-substrate  studies  of  electronTransoort  ™laton'n  treated  MCF-7  cells.  « 
meabilized  cells  demonstrated  a  5w  innr^  P  bain  ac*,v,t|es  in  detergent  per-  M 
activity  (complex  IV).  Finite  was  a  £^°1) ?  «rome  c  oxidase 
levels  in  melatonin  treated  cells  as  measured  h  ^  P<°'°5)  ,n  cellularATP  st 
ts’udle®  demonstrate  an  uncoupling  of  oxidat^nh^T  Tnescence-  These  th 
reated  tumor  cells,  whereby  this  agent  exerts  it/J* ^pho^!atlon  ln  melatonin  ac 

present  a  novel  mechanism  of  tumor  prevention  ^  toxiclty’  and  which  may  Pt 
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mated  and  the  offspring  were  weaned  tn  th  JI8kJa,S  fed  the  same  diets  wert 
of  age,  female  offspring  (n  l  ig  sg^ ‘°  *Tw^rme  d,fs  aa  <he  dams.  At  50  day. 
containing  80  mg/kg  DMBA.  All  rats9  were  killed  when93^9^  W'th  sesame  oi 
mammary  mass  was  present  in  100%  ofZ  -3  wb<T  at  least  one  Palpatable 
f°X°r  whey  had  lower  (P<  0.05)  mean  inrh/n  rats '  While  rats fed  either 

(AC)  than  casein-fed  rats,  whey  diets  provided  nro°t  mammary  adenocarcinom4 
soy-fed  and  whey-fed  rats  had  delayed  0^  ^°“°"  (P<a°5)-  Bo,b 
These  results  demonstrate  that  diets  made  with  mamrnarT  tomors  (P  <o.05)‘ 
prevent  chemically-induced  mammanr  AC  ,  y  T  Whey  protein  Partially 
provided  significantly  more  protectinrwh  4  J1  formulated  with  whey  protein- 
further  suggest  that  whey  may  toe  most^fT^  S°y'based  diets-  Our  data 
identified  for  mammary  cancer  prevention  SPhflrA?ynPr0tein  source  yet 
International.  Supported  by  USDA  CRIS625?-51000  Ooto2SPr°tein  Technolo9y 

beru^anthracer^V (DM^J)HnducedZniarmn,anet^DB^  °n  7’  12'dimethyl- 
Lou  Y-R.,  Lu,  Y-P.,  Xie,  J-G  Lu  B  T^!^  r,T  tUmori9enesis  rodents  1 
M-T.  Laboratory  for  Cancer  Research  Coll^ne  Pfll Newmark-  H-U  and  Huang’  j 
Ptscataway,  NJ  08854-8020.  °  9  Pharmacy,  Rutgers  University,  I 

inhibited  l9MBA-kiduc^^ammanrtumoriaene<:0r'Ce  r|Eeed'n9  DBM  in  the  die* 
1697,  1998).  Oral  intubation  of  10  mg  of  DMBA  rodenta  (Carcinogenesis,  ig: 
an  average  of  3.4  mammary  tum^s  per  raf  ratS  produced  1 

tumors  at  17  weeks.  Feeding  0  5%  drmIo  1  ?2%  of  rats  had  mammary  | 
initiation  pieriocj  inhibited  the  number  of  DMBA  fnd,'6*  h°  r3tS  °nly  durin9  ,he 

64/6  and  toe  %  tumor  incidence  was  inhibited  bv  4i»/ Cpd Jr amrnary  tumors  by  J 

d'et  during  the  post-initiation  period  inhibitedtoe  nnmt  F®fl 'ng  a5%  DBM  in  the  ' 
rat  by  25%,  and  the  %  tumor  incidence  inh  Ks  JeJ  °f  mamm3ry  tumors  per 
no  effect  of  dietary  DBM  on  size  per  tumor  There  was  little  or  • 

initiation  period.  However,  the  average  size  o^r  ium  Wf  9'Ven  durin9  the  ' 
and  tumor  volume  per  rat  was  reduced  hv  4  v  !  ^*as  decreased  by  36% 
the  post-initiation.  Feeding  DBM  in  the  dieUo^p6"  d'et  Was  given  durin9  1 
decreased  utenne  weight  increased  levjt!  of  ee  J  ^tS  lncreased  ^er  weight 
enzymes  and  in  vitro  DBM  inhibited  the  hinH^^Jra53*'0  cylochrome  P-450  j 
receptors.  The  above  actions  of  DBM  mau  nia,  39  °f  pHJestradiol  to  estrogen  1 
actions  on  breast  tumorigenesis  in  rodents  fSMn"T,rt0Hai!,t  r°‘eS  for  its  inhib'tory  j 
CA69473,  and  ES05022 )  tS'  ^SuPPorted  by  NIH  grants  CA49756  1 


Fukushima,  P„  De  Graff,  W  Milter  "r  f emali9nancy' Zhou-  Q- 

Steeg  P.S.  IVCS,  Lab.  of  Path  Nabona  S l6'1' ,J-f Stetler-stevenson,  M„  and 
Health,  Bethesda,  MD  20892;  Karmanos  Canr  '  /  fl  ’  National  Institutes  of 
Cyclin  D1  is  overexpressed  in  manv  hi.mf3  lnstitute,  Detroit,  Ml  48201 
test  the  rote  of  cyclin  D1  in  earlv  neonlJufJ 10  S'tU  breast  carcin°ma  (DCIS)  To 

reUsMltTemali9nant  breast  ce|i  4e,  MCF  OAr0T9heot0n'  ^  ,ransfected  it  into 
resulted  in  increased  colonization  in  vitro  J^7he  °veroxPression  of  cyclin  D1 

contribute  to  neoplastic  progression  Interestinolv^th9  may  functiona«y 
were  more  sensitive  to  y-radiation  inhibrt^n  J  9  *he  Pyclln  01  transfectants 
panied  by  increased  apoptosis.  Apo-2L  but  not  TNf"231'?3’  Wh'Ch  Was  accom- 
ted  the  colonization  of  cyclin  D1  transfect^  MCF^nJ''  a'so  Proferentialiy  inhib- 
that  cyclin  D1  overexpression  may  contr J ^  Ac*-  0ur' "^ts  suggest 
gression  through  promotion  of  colonization-  How  human  breast  neoplastic  pro- 
sitive  to  induction  of  apoptosis  by  radiation’or  snf  t  ’  coloni2ation  remains  sen- 
ways  which  may  be  relevant^ “S' ^'Cnrapop'osis  si9naling  path- 
strategies.  ureast  cancer  prevention  and  treatment 

against  DMBA-toduclTmamm^X  canel"  °f  S°V  Pr°tein  isolate  pr°tect 

Korourian,  S„  Shelnutt,  S.  Rente  M  anS  LenstenTa^90^  T-  Hakkak.  R 
ton  Center,  Little  Rock,  AR  72202.  ”  d  L  Ing  S-  Arkansas  Children’s  Nutri- 

C2nc®<r®ln^b®r^^^ot  study ^ascondJctedT^T  *°  reduce  the  risk  of  a°me 

effects  of  soy  protein  isolate  (SPI)  and  whev  possible  Preventive 

Ibracene  (DMBA)-induced  LL}  STK? 


aC-^^. ^MPA^ion  methylnitrosourea  PUINUHndiK^t  medroxyprogesterone 
esis.  Hill,  D.L.,  Grubbs,  C.J.,  Lubet  R  A  fJ  i  d“c®d  mammary  carcinogen- 
Steele,  V.E.  University  of  Alabama  at  Birminnhl"  KQ  0ff’  G'J'’  c°hen,  L.A.  and 
t‘°™l  Cancer  Institute,  Bethesda  MD  B208929 hara’ flrmin9ham,  AL  35294,  Na- 
Valhalla,  NY  10595.  ’  Z0892.  and  American  Health  Foundation, 

strated  Iherapeuti^activity^rTbreast'^canc06*3^  (Depo“Provera®)  has  demon- 
therapy.  When  a  slow  reUse  ^ulahon  oTmpa  i?  havefailed  'amoTiten 
administered  once  (subcutaneous)  to  femate  Somone  n  ",  mg/Ka  BW)  was 
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Abstract 


We  have  studied  the  effects  of  phytoestrogens,  (genistein,  quercetin,  daidzein, 
biochanin  A  and  kaempferol),  on  proliferation,  cell  cycle  kinetics,  and  apoptosis  of  MDA- 
MB-468  breast  cancer  cells.  Genistein  and  quercetin  inhibited  cell  growth  with  IC50 
values  of  8.8  and  18.1  pM,  respectively,  while  the  other  phytoestrogens  were  less 
effective.  Flow  cytometric  analysis  showed  G2/M  cell  cycle  arrest  with  25  pM  and  higher 
concentrations  of  genistein.  At  100  pM,  genistein,  quercetin  and  kaempferol  caused 
accumulation  of  70,  60  and  35%  of  cells,  respectively,  in  G2/M  phase  by  24  h.  In 
contrast,  biochanin  A  and  daidzein  were  ineffective.  APO-BRDU™  analysis  revealed 
apoptosis  with  10  pM  genistein  (19.5%),  reaching  86%  at  100  pM.  Apoptosis  by 
genistein  was  confirmed  by  Hoechst  33342  staining  and  fluorescence  microscopy.  With 
100  pM  quercetin,  47%  of  the  cells  were  apoptotic,  while  the  other  bioflavonoids  had 
little  effect.  Genistein  treatment  resulted  in  a  biphasic  response  on  cyclin  B1:  70% 
increase  in  cyclin  B1  level  at  25  pM,  and  50  and  70%  decrease  at  50  and  100  pM, 
respectively.  In  contrast,  the  action  of  quercetin  involved  an  increase  in  cyclin  B1  level. 
Genistein  had  no  effect  on  cdc2  level  up  to  50  pM  concentration;  however,  there  was  a 
decrease  in  the  phosphorylated  form  of  the  protein  at  100  pM.  Quercetin  had  no  effect 
on  cdc2  levels.  Our  results  suggest  that  the  action  of  genistein  and  quercetin  involves 
G2/M  arrest  and  apoptosis  in  MDA-MB-468  cells.  Biochanin  A  and  daidzein,  although 
structurally  related  to  genistein,  did  not  share  this  mechanism.  Effects  of  genistein  and 
quercetin  on  cyclin  B1  level  also  appear  to  involve  different  modes  of  action.  Thus, 
structurally  related  phytoestrogens  have  discrete  target  sites  and  mechanisms  in  their 
growth  inhibitory  action  on  breast  cancer  cells. 
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Introduction 


Phytoestrogens,  such  as  genistein,  quercetin,  biochanin  A,  kaempferol  and 
daidzein  are  naturally  occurring  phytochemicals  with  significant  biological  activities, 
including  potential  estrogenic  or  growth  promoting,  and/or  anticarcinogenic  effects  (1-4). 
The  soy  derived  isoflavonoid  genistein,  was  shown  to  have  important  chemotherapeutic 
and  preventive  effects  in  most  (5-9),  but  not  all  (2, 10, 1 1),  of  experimental  breast 
cancer  models.  In  breast  cancer  cells,  the  effects  of  genistein  are  dependent  on  the 
estrogen  receptor  (ER)  status.  While  low  concentrations  of  genistein  (<25  pM)  are 
growth  stimulatory  in  ER-positive  breast  cancer  cells  (11),  it  is  growth  suppressive  at  all 
concentrations  in  ER-negative  cell  lines  (8,  9).  Quercetin,  a  flavonoid  abundantly 
present  in  apples,  red  wine  and  onions,  has  antiproliferative  activity  against  several 
cancer  cell  lines  including  breast  cancer  cells  (12, 13)  and  has  entered  Phase  I  clinical 
trials  (14).  Despite  the  general  protective  effect  of  phytoestrogens  against  breast 
cancer,  their  mechanism  of  growth  inhibition  and  intracellular  targets  of  action  remain 
largely  unknown. 

The  anti-cancer  effects  of  several  drugs  are  mediated  by  cell  cycle  arrest  and 
involve  modulation  of  the  action  of  cyclins  and  cyclin  dependent  kinases  that  regulate 
cell  cycle  progression  (15).  Previous  studies  suggest  G2/M  cell  cycle  arrest  after 
genistein  treatment  (16-23).  Cyclin  B1  protein  is  the  catalytic  partner  of  cyclin 
dependent  kinase,  p34cdc2  kinase  (cdc2),  that  promotes  microtubule  spindle  formation 
and  nuclear  membrane  breakdown  during  G2/M  transition  (15).  Therefore,  alterations  in 
cyclin  B1  and  cdc2  proteins  may  play  an  important  role  in  the  effects  of  genistein  and 
other  phytoestrogens  in  breast  cancer  cells. 
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Apoptosis  has  been  reported  as  critical  cellular  responses  to  a  variety  of 
chemotherapeutic  agents,  including  genistein  (23,  24).  Apoptosis  or  programmed  cell 
death  is  a  genetically  and  metabolically  controlled  mechanism  of  cell  death,  and  is 
characterized  by  plasma  membrane  blebbing,  shrinkage,  chromatin  condensation, 
nuclear  fragmentation  and  formation  of  membrane  bound  apoptotic  bodies  that  are 
removed  by  phagocytosis  (25).  Furthermore,  apoptosis,  following  treatment  with  a  wide 
range  of  anti-cancer  agents,  was  reported  to  be  associated  with  cyclin  B1  deregulation 
(26-32)  and  cdc2  dephosphorylation  (33-38). 

ER-negative  breast  cancer  patients  are  challenged  with  debilitating 
chemotherapy  and  a  5-year  survival  rate  of  53%  (39).  Therefore,  new  alternatives  and 
additions  to  traditional  chemotherapy  are  urgently  needed.  In  this  context,  a  better 
understanding  of  the  mechanisms  of  action  of  phytoestrogens  on  mediators  of  cell  cycle 
and  apoptosis  is  particularly  useful  in  that  they  could  be  used  in  combination  with 
chemotherapy  or  radiation  therapy  against  ER-negative  tumors.  Indeed,  genistein  and 
quercetin  have  been  shown  to  induce  radiation  sensitivity  in  H35  hepatoma  cells  (40). 

In  the  present  study,  we  examined  the  effects  of  genistein  and  a  group  of 
structurally  related  phytoestrogens  on  estrogen  receptor  (ER)-negative  MDA-MB-468 
breast  carcinoma  cells  to  understand  the  pathways  involved  in  phytoestrogen-mediated 
growth  inhibition.  Our  results  indicate  G2/M  arrest  and  apoptosis  in  the  action  of 
genistein  and  quercetin,  but  these  processes  seem  to  be  less  important  in  the  action  of 
kaempferol  and  biochanin  A. 
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Results 


Growth  inhibitory  effects  of  phytoestrogens.  The  chemical  structure  of 
phytoestrogens  used  in  this  study  are  shown  in  Fig.  1 .  In  order  to  determine  the  effects 
of  phytoestrogens  on  cell  proliferation,  MDA-MB-468  cells  were  treated  with  0, 10,  25, 

50  and  100  pM  concentrations  of  genistein,  quercetin,  kaempferol,  biochanin  A  and 
daidzein.  After  24,  48  or  72  h  of  treatment,  cells  were  pulsed  with  [3H]-thymidine  for  1  h 
to  measure  the  level  of  DNA  synthesis.  Figs.  2A  and  2B  show  the  effects  of  genistein 
and  quercetin  treatment  on  [3H]-thymidine  incorporation  of  MDA-MB-468  cells.  Twenty 
four  hour  treatment  with  10  pM  genistein  or  quercetin  significantly  reduced  [3H]- 
thymidine  incorporation  by  47  and  32%,  compared  to  the  control,  respectively  (p<0.01 , 
n=6).  At  100  pM,  genistein  suppressed  DNA  synthesis  by  90%,  while  70%  reduction 
was  found  with  quercetin.  To  quantify  the  effects  of  these  and  other  phytoestrogens,  we 
determined  the  IC50  values,  the  mean  concentration  of  phytoestrogens  required  for  50% 
growth  inhibition  (Table  1).  Among  the  phytoestrogens  studied,  genistein  was  the  most 
potent  growth  inhibitor  with  an  IC50  value  of  8.8  ±  1 .6  pM,  followed  by  quercetin  (IC50  = 
18.1  ±1.6  pM).  Genistein  exhibited  a  5-fold  higher  potency  than  its  methoxy  derivative, 
biochanin  A.  Kaempferol,  which  differs  from  quercetin  by  lacking  an  -OH  group  on  the  5’ 
position  of  its  B  ring,  is  2.6-fold  less  effective  than  quercetin.  Interestingly,  a  major 
phytoestrogen  in  soy,  daidzein  did  not  inhibit  the  growth  of  MDA-MB-468  cells  even  at 
100  pM  concentration. 

Effect  of  phytoestrogens  on  cell  cycle  kinetics.  To  assess  the  effects  of 
phytoestrogens  on  cell  cycle,  cells  were  treated  with  these  compounds  (0-100  pM)  for 
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24,  48  or  72  h,  and  stained  with  propidium  iodide.  Flow  cytometry  profiles  of  cells 
treated  for  24  h  with  genistein,  quercetin  and  kaempferol  are  shown  in  Fig.  3.  Genistein 
and  quercetin  induced  cell  cycle  arrest  by  24  h  of  treatment.  Interestingly,  arrest  of  cells 
in  G2/M  phase  reached  significant  levels  only  at  25  }xM  concentration,  although 
inhibition  of  DNA  synthesis  was  seen  at  10  |xM  genistein.  At  100  pM  genistein,  70%  of 
the  cells  were  found  in  G2/M  phase  of  the  cell  cycle.  The  G2/M  arrest  was  associated 
with  a  corresponding  decrease  in  the  percentage  of  cells  in  the  Go/Gi  phase  of  the  cell 
cycle.  The  percentage  of  cells  in  each  phase  of  the  cell  cycle  after  24  h  of  treatment 
with  phytoestrogens  are  shown  in  Table  2.  Quercetin  treatment  at  50  and  100  p.M 
concentrations  showed  an  accumulation  of  cells  in  G2/M  phase  leading  to  41  %  and 
60%  by  24  h,  respectively.  Kaempferol  was  less  effective  than  quercetin  in  inducing  a 
G2/M  arrest.  In  contrast,  biochanin  A  and  daidzein  did  not  have  significant  effects  on 
cell  cycle  progression.  Similar  results  were  obtained  after  48  and  72  h  of  treatment. 
Treatment  of  cells  with  100  jxM  genistein,  quercetin,  kaempferol,  daidzein  or  biochanin 
A  for  72  h  resulted  in  G2/M  phase  accumulation  of  cells  corresponding  to  87,  67,  35,  21 , 
9%,  respectively.  These  results  show  that  inhibition  of  DNA  synthesis  occurred  with 
genistein  and  quercetin,  at  lower  concentration  than  those  required  for  G2/M  arrest. 

Effects  of  genistein  on  reversal  of  cell  growth.  We  next  examined  if  genistein- 
induced  inhibition  of  DNA  synthesis  is  reversible.  If  inhibition  of  DNA  synthesis  results 
from  moderate  changes  in  the  level  of  certain  mediators  without  irrepairable  damage  to 
DNA,  recovery  of  the  cells  can  be  expected  when  the  damaging  agent  is  removed. 
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Cells  were  treated  with  genistein  for  defined  time  periods,  and  then  the  drug  was 
removed  and  cells  treated  with  drug-free  medium.  Genistein  treatment  at  50  and  100 
pM  caused  irreversible  inhibition  of  DNA  synthesis  (p<0.05)  even  after  2  h  of  exposure 
(Fig.  4A).  After  8  h,  genistein  treatment  with  25  pM  concentration  was  cytotoxic  to  these 
cells,  with  growth  inhibition  comparable  to  cells  which  had  continuous  exposure  to  the 
drug  (Fig.  4B).  Furthermore,  genistein  induced  irreversible  changes  in  DNA  synthesis  of 
MDA-MB-468  cells  by  16  h  even  at  10  pM  concentration.  Thus,  inhibition  of  DNA 
synthesis  observed  after  24  h  treatment  with  1 0  pM  genistein  may  be  the  result  of 
irreversible  damage  to  DNA  or  other  critical  components  of  cell  cycle  machinery. 

Effects  of  phytoestrogens  on  apoptotic  cell  death.  MDA-MB-468  cells  were  treated 
with  phytoestrogens  for  24  h  and  the  percentage  of  apoptotic  cells  was  assessed  by  the 
APO-BRDU™  kit  (Pharmingen,  CA).  In  this  assay,  induction  of  apoptosis  is  detected  by 
an  increase  in  DNA  fragments  that  are  labeled  with  bromolated-dUTP  and  a  fluorescent 
tagged  antibody  using  flow  cytometry.  Fig.  5  shows  a  representative  view  of  the 
cytograms  (panel  A)  and  histograms  (panel  B)  obtained  after  treatment  of  cells  with 
increasing  concentrations  of  genistein.  Treatment  of  cells  with  10,  25,  50,  and  100  pM 
genistein  resulted  in  significant  increase  in  apoptotic  cells,  19,  34,  64,  86%, 
respectively,  compared  to  1 .6%  in  the  control  cells  (p<0.01 ,  n=4).  The  effect  of 
phytoestrogen  treatment  on  the  percentage  of  apoptotic  cells  is  presented  in  Table  3. 
Quercetin  exposure  at  100  pM  resulted  in  47%  apoptotic  cells,  whereas  Biochanin  A 
treatment  caused  11%  apoptosis.  In  contrast,  there  was  no  significant  level  of  apoptosis 
by  treatment  with  kaempferol  and  daidzein. 
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To  confirm  genistein-induced  apoptosis,  cells  were  treated  with  genistein  for  24  h 
and  stained  with  Hoechst  33342.  Stained  nuclei  were  then  visualized  under  a 
fluorescence  microscope.  A  representative  view  of  dye-stained  nuclei  is  presented  in 
Fig.  6.  Nuclear  condensation  and  apoptosis  was  observed  even  at  10  to  25  (iM 
concentrations  of  genistein.  Quantification  of  apoptotic  cells  by  counting  non-apoptotic 
and  apoptotic  cells  yielded  values  comparable  to  that  of  APO-BRDU  analysis  at  10-25 
p,M  genistein.  At  50  to  100  pM  genistein,  percentage  of  apoptotic  cells  counted  after 
Hoechst  33342  staining  were  not  as  quantitative  as  those  from  APO-BRDU  assay 
probably  due  to  loss  of  apoptotic  cells  during  staining  and  washing. 

Effects  of  genistein  and  quercetin  on  the  expression  of  cell  cycle  regulatory 
proteins.  To  further  understand  the  genistein-activated  pathway  that  induces  cell  cycle 
arrest  and  apoptosis,  the  expression  of  proteins  that  function  during  G2/M  phase 
transition  was  examined  by  Western  blot  analysis.  Fig.  7  shows  the  effect  of  genistein 
on  the  expression  of  cyclin  B1  and  cdc2.  p  actin  was  used  as  a  control  to  assess 
differences  in  the  amount  of  protein  loading  and  transfer  during  the  Western  analysis. 
Cyclin  B1  levels  were  dramatically  altered  by  genistein  treatment.  There  was  a  biphasic 
response  with  a  70%  increase  in  cyclin  B1  level  at  25  |iM  genistein,  compared  to  the 
control.  In  contrast,  at  50  and  100  |iM  genistein,  cyclin  B1  level  was  reduced  to  50  and 
30%  of  the  control,  respectively.  This  biphasic  response  of  cyclin  B1  may  represent  the 
ability  of  genistein  to  act  at  multiple  levels  of  gene  expression  such  as  transcription, 
mRNA  stability,  and/or  protein  synthesis/degradation  (29,  31). 
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Western  blot  analysis  of  cdc2  showed  no  change  at  10,  25,  and  50  (iM  genistein 
treatment.  However,  at  100  pM  genistein,  the  upper  band  corresponding  to  the 
phosphorylated  form  of  cdc2  showed  a  marked  decrease.  This  decrease  corresponded 
with  a  decrease  in  total  phosphorylation  levels  also,  as  determined  from  Western  blot 
analysis  using  phosphotyrosine  antibody  (not  shown).  In  contrast,  (3-actin  levels  were 
not  altered. 

We  also  examined  the  effect  of  genistein  on  cyclin  D1  and  cyclin  E,  the  G1 
cyclins  known  to  mediate  the  progression  of  cells  through  G1  to  S  phase.  The  Western 
blot  analysis  using  anti-cyclin  D1  antibody  and  anti-cyclin  E  showed  that  genistein  at 
10-100  pM  concentrations  did  not  have  significant  effects  on  these  cyclins  (results  not 
shown). 

Fig.  8  shows  the  effect  of  quercetin  on  cyclin  B1  and  cdc2.  Quercetin  treatment 
showed  an  increase  in  cyclin  B1 ,  with  100  pM  treatment  resulting  in  a  30%  increase. 
Even  though  100  |iM  quercetin  caused  47%  of  the  cells  to  undergo  apoptosis,  unlike 
genistein,  quercetin  did  not  cause  a  decrease  in  cyclin  B1.  Furthermore,  the  level  of 
cdc2  was  unchanged  after  quercetin  treatment.  Thus  genistein  and  quercetin  elicited 
different  responses  on  the  control  of  cyclin  B1  and  cdc2  although  both  agents  caused  a 
significant  level  of  apoptosis  in  MDA-MB-468  cells. 
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Discussion 


Our  results  show  that  genistein  and  quercetin  are  highly  efficient  in  inhibiting  the 
growth  of  MDA-MB-468  cells.  Accumulation  of  cells  in  the  G2/M  phase  and  apoptotic 
cell  death  were  prominent  features  of  the  mechanism  of  action  of  both  compounds. 
However,  with  genistein,  inhibition  of  DNA  synthesis  appears  not  to  be  dependent  of 
G2/M  arrest  because  10  pM  genistein  was  able  to  suppress  DNA  synthesis  by  53% 
whereas  G2/M  arrest  was  not  apparent  at  this  concentration.  Both  genistein  and 
quercetin  altered  cyclin  B1  levels,  although,  the  mode  of  action  of  these  two 
compounds  on  the  regulation  of  cyclin  B1  appears  to  be  different.  With  genistein,  an 
increase  in  cyclin  B1  was  observed  at  25  pM  concentration  and  was  followed  by  a 
dramatic  decrease  at  higher  concentrations.  With  quercetin,  G^M  arrest  and  apoptosis 
are  associated  with  an  increase  in  cyclin  B1  protein  level.  Interestingly,  other 
structurally  related  phytoestrogens,  such  as  biochanin  A  and  kaempferol  only  had  minor 
effects  on  apoptosis,  even  though  these  compounds  had  growth  inhibitory  effects  with 
IC50  of  ~45  pM.  Thus,  biochanin  A  and  kaempferol  may  exert  growth  inhibition  by 
molecular  pathways  different  from  that  of  genistein  and  quercetin. 

Our  results  extend  the  findings  of  GJM  phase  arrest  by  genistein  in  MCF-7  (19, 
20)  and  MDA-MB-231  cells  (21-23)  to  MDA-MB-468  breast  cancer  cells  and  further  link 
this  blockade  to  dysregulation  of  cell  cycle  associated  genes  and  apoptosis.  Thus,  in 
contrast  to  the  classic  estrogens  and  antiestrogens  which  exert  their  effects  in  the  Gi 
phase  of  the  cell  cycle  in  breast  cancer  cells  (41),  genistein  and  quercetin  induce  a 
GJM  block  (13, 19-23).  The  order  of  potency  of  genistein  >  quercetin  >  kaempferol 
remains  the  same  with  antiproliferative  effects  as  with  the  efficacy  of  cell  cycle  arrest. 
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Cell  cycle  arrest  by  genistein  and  quercetin  suggests  that  these  phytoestrogens 
may  interfere  with  the  synthesis  or  degradation  of  cyclins  and  cyclin  dependent  kinases 
(CDKs)  or  their  inhibitors.  Our  studies  link  the  action  of  genistein  and  quercetin  with  the 
regulation  of  cyclin  B1.  In  eukaryotic  cells,  cyclin  B1  accumulates  during  the  late  S  and 
G2  phases  and  allows  entry  of  cells  into  the  M  phase  and  is  rapidly  degraded  at  the  end 
of  mitosis,  allowing  the  cells  to  divide  (42).  Inappropriate  accumulation  of  cyclin  B1  or  its 
untimely  degradation,  have  been  reported  to  induce  a  G./M  arrest  in  cells  (26,  30-32). 
Taxol  treatment  was  reported  to  increase  cyclin  B1  protein  in  epidermoid  carcinoma  KB 
cells,  parallel  to  mitotic  arrest  and  programmed  cell  death  (30).  Similarly,  treatment  of 
HeLa  S3  cells  with  X-irradiation  was  associated  with  G2/M  arrest  and  accelerated 
accumulation  of  cyclin  B1  (32). 

Alternately,  decreased  amount  of  cyclin  B1  protein  and  G2  arrest  were  reported 
after  colcemid  treatment  (26)  and  high  doses  of  ionizing  radiation  (31)  in  HeLa  cells.  In 
our  study,  25  pM  genistein  treatment  resulted  in  the  accumulation  of  cyclin  B1 
compared  to  untreated  cells.  However,  50  and  100  pM  genistein  treatment  resulted  in  a 
progressive  decrease  of  cyclin  B1  protein  level.  This  result  is  consistent  with  a  recent 
report  showing  a  decrease  in  cyclin  B1  at  100  pM  genistein  in  MDA-MB-231  breast 
cancer  cells  (22).  However,  the  effect  of  genistein  at  lower  concentrations  on  cyclin  B1 
levels  was  not  examined  in  this  study  (22).  Our  results  suggest  that  accumulation  of 
cyclin  B1  occurs  early  in  G2/M  phase,  whereas  strong  apoptotic  signals  generated  at  50 
and  100  pM  genistein  may  lead  to  a  degradation  of  the  protein. 

In  contrast  to  genistein,  100  pM  quercetin  treatment  for  24  h  increased  cyclin  B1 
levels  compared  to  untreated  controls,  similar  to  the  microtubule  inhibitor  nocodazole 
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(43).  These  results  suggest  that  the  mechanism  of  G2/M  arrest  by  quercetin  may  follow 
a  similar  pathway  as  low  doses  of  genistein.  However,  at  higher  concentrations, 
genistein  may  be  interacting  with  other  pathways  to  generate  more  potent  apoptotic 
effects. 

In  mammalian  cells,  the  levels  of  both  mRNA  and  protein  of  cyclin  B1  oscillate 
between  the  initiation  and  completion  of  mitosis.  Growth  inhibitory  agents  alter  one  of 
these  parameters  to  deregulate  the  levels  of  these  proteins,  and  cause  cell  cycle 
perturbations.  For  example,  treatment  of  HeLa  cells  with  camptothecin  was  reported  to 
result  in  cyclin  B1  accumulation,  due  to  reduced  rate  of  degradation  of  the  protein  (29). 
Also,  irradiation  of  HeLa  cells  was  reported  to  decrease  cyclin  B1  availability  for  G2/M 
transition  by  delaying  its  mRNA  synthesis  during  S  phase  or  increase  the  degradation 
of  the  protein  in  the  G2/M  phase,  leading  to  cell  cycle  arrest  (31).  It  is  not  clear  if  the 
changes  seen  in  cyclin  B1  level  with  genistein  and  quercetin  treatment  are  due  to 
alterations  in  the  synthesis  or  degradation  of  the  protein  or  mRNA. 

Premature  dephosphorylation  of  cdc2-tyr  1 5,  has  been  implicated  in  apoptotic 
cancer  cell  death  induced  by  chemotherapeutic  agents  such  as  GL331  (33),  7-hydroxy- 
staurospaurine  (UCN-01)  (34),  caffeine  (36)  and  taxol  (37).  It  has  been  suggested  that 
cdc2  elicits  a  protein  phosphorylation  cascade  that  could  lead  to  aberrant  mitotic 
mechanisms  that  play  an  important  part  in  apoptotic  morphology  (33).  In  our  studies,  no 
change  in  the  cdc2  protein  level  was  observed  with  genistein  treatment  at  10,  25  and 
50  (xM  concentrations.  However,  at  100  jiM  genistein,  the  phosphorylated  form  of  the 
protein  was  drastically  reduced.  Use  of  phosphorylated  tyrosine  kinase  antibodies  also 
showed  similar  results  in  that  a  decrease  in  the  level  of  phosphorylation  was  observed 
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with  100  pM  genistein  (results  not  shown).  Thus,  the  role  of  genistein  as  an  inhibitor  of 
tyrosine  phosphorylation  plays  a  part  in  its  mechanism  of  action  only  at  the  highest 
concentration  examined.  This  lack  of  tyrosine  kinase  inhibition  with  low  concentrations 
of  genistein  is  consistent  with  the  observation  by  Barnes  et  al  (44).  In  contrast  to 
genistein,  quercetin  treatment  did  not  have  an  effect  on  cdc2  protein  in  MDA-MB-468 
cells. 

Quercetin  is  known  to  inhibit  cdc2  kinase  (45)  thereby  exerting  growth  inhibitory 
effects.  In  addition,  quercetin  was  shown  to  down-regulate  mutant  p53  protein  in  MDA- 
MB-468  cells,  thus  leading  to  significant  growth  inhibition  (13).  Genistein  has  been 
reported  to  increase  the  expression  of  the  CDK  inhibitor,  p2iWAF1/CIP1  at  the  mRNA  and 
protein  levels  (46),  even  in  a  p53  negative  cell  line  (22),  thus  leading  cells  through  a 
p21  -dependent  apoptotic  pathway. 

It  has  been  known  for  a  long  time  that  genistein  and  quercetin  are  potent 
inhibitors  of  DNA  topoisomerases  (47,  48).  The  ability  of  genistein  and  quercetin  to 
inhibit  the  ATPase  component  of  the  topomerization  reaction  and  enhance  the 
topoisomerase  ll-mediated  DNA  cleavage  has  been  reported  (49).  Other  topoisomerase 
II  inhibitors  were  shown  to  induce  DNA  double  strand  breaks  leading  to  a  major  mitotic 
arrest  (G2  delay)  and,  cell  death  by  apoptosis  (50).  Furthermore,  several  topoisomerase 
II  inhibitors  were  reported  to  preferentially  damage  cell  cycle  regulatory  genes,  such  as 
c -myc  resulting  in  decreased  DNA  synthesis,  and  increased  apoptosis  (51 , 52). 
Therefore,  it  is  possible  that  genistein  may  inhibit  topoisomerases  and  trigger  DNA 
damage. 


13 


Mammalian  DNA  damage  response  includes  a  set  of  protein  kinases  such  as 
DNA-dependent  protein  kinase  (DNA-PK),  ataxia  telangiectasia  mutated  (ATM),  and 
ataxia  telangiectasia  and  RAD  3  related  (ATR)  protein  kinase  (53).  Cells  defective  in 
these  proteins  are  hypersensitive  to  DNA  damaging  agents,  as  they  are  unable  to 
mediate  repair  processes  during  DNA-damage.  In  mammalian  cells,  DNA-PK  levels  are 
relatively  high,  however,  in  cells  undergoing  apoptosis,  the  activity  of  DNA-PK  is  lost, 
and  this  prevents  the  repair  of  damaged  DNA  (54).  Recently,  quercetin  was  reported  to 
inhibit  the  activity  of  DNA-PK  with  a  Ki  of  1 10  pM,  suggesting  a  role  for  DNA-PK  in 
quercetin-induced  apoptosis  (55).  Inhibition  of  DNA  synthesis  as  an  early  response 
suggests  that  G2/M  arrest  and  apoptosis  may  be  the  result  of  DNA-damage.  Inhibition 
of  DNA-PK  or  related  processes  by  genistein  and  quercetin  may  facilitate  apoptosis  at 
50  and  100  pM  concentrations. 

Our  results  show  that  cyclin  B1  is  altered  by  genistein  and  quercetin,  although  it 
is  not  clear  at  present  whether  it  is  a  primary  or  secondary  event.  Effects  of  genistein 
were  manifested  as  irreversible  inhibition  of  DNA  synthesis  at  50  and  100  pM 
concentrations,  with  as  little  as  2  h  of  exposure.  Other  structurally  related 
phytoestrogens;  biochanin  A,  and  kaempferol  are  less  effective  in  mediating  the  growth 
inhibition  of  these  cells.  Genistein  and  quercetin  appear  to  alter  additional  targets  of 
signal  transduction  pathway,  leading  to  their  diverse  effects  on  DNA  synthesis,  G2/M 
arrest  and  apoptosis. 

Our  results  may  have  practical  applications  for  the  treatment  of  ER-negative 
breast  cancer,  as  ER-positive  cells  acquire  ER-negative  phenotype  that  is  more 
aggressive  and  resistant  to  antiestrogen  therapy  (56).  Under  these  conditions,  genistein 
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and  quercetin  may  be  useful  to  inhibit  breast  cancer  cell  growth  as  their  growth 
inhibitory  effects  are  ER-independent.  In  this  context,  it  is  also  important  to  note  that 
genistein  suppressed  the  nude  mice  xenografts  in  ER-positive  and  -negative  breast 
cancer  cells  (57).  Investigations  on  the  mechanism  of  action  of  phytoestrogens  and 
their  combination  in  chemo-  and  radiation  therapy  might  be  a  fruitful  approach  to  the 
design  of  improved  breast  cancer  therapies. 
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Materials  and  Methods 


Cell  Culture  and  Chemicals.  MDA-MB-468  cell  line  was  obtained  from  the  American 
Type  Culture  Collection  (ATCC,  Manassas,  Virginia).  The  cells  were  maintained  in 
Improved  minimum  essential  medium  (IMEM)  with  10%  fetal  bovine  serum  (FBS),  4  mM 
glutamine,  0.4  mM  sodium  pyruvate,  40  mg/ml  gentamycin,  and  100  pg/ml  each  of 
penicillin  and  streptomycin. 

Genistein,  quercetin,  daidzein,  kaempferol  and  biochanin  A  were  purchased  from 
Sigma  Chemical  Co.  (St.  Louis,  MO).  Stock  solutions  were  made  in  dimethylsulfoxide 
(DMSO),  aliquoted,  and  frozen  until  use.  The  APO-BRDU™  kit  was  purchased  from 
Pharmingen  (San  Diego,  CA).  The  antibodies  for  cyclin  B1 ,  cyclin  D1  and  cyclin  E  were 
obtained  from  Neomarkers  (Union  City,  CA).  The  antibody  for  C-terminal  domain  of 
cdc2  and  phosphotyrosine  antibody  were  purchased  from  Upstate  Biotechnology  (Lake 
Placid,  NY). 

[3H]-Thymidine  Incorporation  Assay.  MDA-MB-468  cells  (0.5  x  106/dish)  were  plated 
in  60  mm  culture  dishes  in  triplicate  and  were  allowed  to  adhere  for  24  h.  Cells  were 
dosed  with  phytoestrogens  at  0,  10,  25,  50  and  100  pM  concentrations  for  24,  48  or  72 
h.  Control  group  received  DMSO,  equal  to  the  volume  used  in  drug  studies  (40  pl/dish). 
After  the  treatment  period,  the  cells  were  pulsed  with  1  |xCi/ml  of  [3H]-thymidine  for  1  h. 
Cells  were  then  washed  twice  in  ice-cold  PBS  and  two  times  in  5%  ice-cold 
trichloroacetic  acid  and  later  lysed  in  1  N  NaOH.  Lysates  were  transferred  into  vials 
containing  liquid  scintillation  fluid  and  the  radioactivity  was  quantitated  by  scintillation 
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counting,  using  a  Beckman  Scintillation  Counter,  LS  5000  TD  (Beckman  Instruments, 
CA). 

Reversal  of  Cell  Growth  Inhibition.  Cells  were  plated  as  described  above.  Groups  of 
cultures  were  treated  with  genistein  for  different  periods,  (2,  4,  6,  8, 12, 16,  and  24  h), 
and  media  changed  to  drug-free  medium.  Twenty  four  hours  later,  the  cells  were  dosed 
with  1  pCi/ml  of  [3H]-thymidine  for  1  h,  and  the  radioactivity  incorporated  into  cellular 
DNA  was  measured  by  liquid  scintillation  counting. 

Flow  Cytometric  Determination  of  Cell  Cycle  Analysis.  MDA-MB-468  cells  (2  x  106 
cells/dish)  were  allowed  to  adhere  to  plate  for  24  h  and  then  dosed  with  genistein,  or 
other  phytoestrogens.  After  24,  48  or  72  h  of  treatment,  media  was  removed,  2  ml 
citrate  buffer  (40  mM  Citrate-Trisodium,  250  mM  sucrose  and  5%  DMSO)  added  and 
cells  frozen  at  -70°C  until  further  analysis.  For  cell  cycle  analysis,  cells  were  thawed 
and  harvested  to  collect  the  pellet.  The  cell  pellet  was  treated  with  trypsin  for  10  min, 
and  trypsin  inhibitor  and  RNase  (Sigma,  St.  Louis,  MO)  were  added  for  10  min  and 
stained  with  750  pi  propidium  iodide  in  citrate  buffer  (30  pg/ml).  Cells  were  analyzed  by 
an  Epics  Profile-ll  Flow  Cytometer  (Beckman  Coulter  Inc.,  Fullerton,  CA).  Distribution  of 
cells  in  different  phases  of  cell  cycle  was  calculated  using  CytoLogic  software. 

Western  Blot  Analysis.  Cells  were  plated  as  described  above  for  flow  cytometry. 
Twenty  four  hours  after  treatment  with  genistein,  cells  were  harvested  in  PBS, 
centrifuged  at  500  x  g  for  10  min  and  stored  at  -70°C  until  further  analysis.  Floating 
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cells  were  also  harvested  and  added  to  the  adherent  cells  in  each  treatment  group. 

Cells  were  solubulized  in  300  fil  of  a  buffer  containing  50  mM  Tris,  50  mM  NaCI,  50  mM 
NaF,  0.2%  SDS,  1%  NP40,  2  mM  EDTA  and  100  p.M  Na3Po4.  Total  protein  was 
determined  using  the  Bio-Rad  kit  (Bio-Rad,  Hercules,  CA)  and  30  pig  was 
electrophoretically  separated  on  a  10%  polyacrylamide  gel.  The  proteins  were 
transferred  to  PVDF  immobilon  membrane.  After  blocking  overnight  with  2%  non-fat  dry 
milk,  blots  were  incubated  for  3  h  with  purified  monoclonal  mouse  or  polyclonal  rabbit 
antibodies,  followed  by  horseradish-peroxidase  labeled  anti-mouse/anti-rabbit 
secondary  antibody.  Protein  was  visualized  with  a  chemiluminiscence  based  detection 
system. 

APO-BRDU™  Labeling  Studies.  MDA-MB-468  cells  (2  x  106/dish)  were  plated  and 
dosed  with  genistein  for  24  h.  Floating  and  adherent  cells  were  harvested  in  PBS  and 
fixed  in  1%  paraformaldehyde.  After  two  washings  with  PBS,  the  cell  pellet  was  fixed  in 
70%  ethanol  and  frozen  at  -20°C  until  further  use.  Apoptosis  was  quantified  using  the 
APO-BRDU™  kit  with  minor  modifications  to  the  manufacturer’s  instructions.  Briefly,  cell 
pellet  was  incubated  with  bromolated  deoxyuridine  triphosphate  (BRDU)  for  24  h  in  a 
28°C  water  bath.  After  the  incubation  period,  cells  were  treated  with  fluorescein-labeled 
anti-BRDU  monoclonal  antibody  for  1  h,  stained  with  propidium  iodide/RNase  solution 
for  30  min  in  dark,  and  analyzed  by  flow  cytometry. 

Analysis  of  Apoptosis  by  Hoechst  33342  Dye  Staining.  Cells  (3.5  x  104/dish)  were 
plated  in  4-well  LabTek  chambered  cover  glass  plates  (Nalge  Nunc  Int.,  IL).  After 
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allowing  for  adherence  of  cells  for  48  h,  different  concentrations  of  genistein  were 
added  to  the  plates.  After  24  h  treatment,  cells  were  fixed  in  4%  paraformaldehyde  with 
4  pg/ml  Hoeschst  33342  dye  and  incubated  at  37°C  for  30  min.  Stained  nuclei  were 
observed  under  Zeiss  ICM  405  inverted  microscope  (magnification  1000  X)  using  a  UV 
filter  in  the  range  of  395-450  nm.  Apoptotic  cells,  characterized  by  nuclear  shrinkage 
and  fragmentation,  were  counted  from  3  random  fields  with  at  least  100  cells  per  field. 

Statistical  Analysis.  Statistical  analyses  were  performed  using  Sigma  Plot  3.0 
software.  Means  and  standard  deviations  were  calculated  for  each  treated  group  and 
the  significant  difference  between  the  groups  were  determined  using  Student’s  t-test.  p 
value  <0.05  was  considered  significant. 
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Table  1 .  IC50  values  for  phytoestrogens  needed  for  cell  growth  inhibition 

MDA-MB-468  cells  were  treated  with  each  of  the  phytoestrogens  at  0, 10,  25,  50,  100 
(xM  concentrations  for  24,  48  or  72  h.  Cell  growth  was  determined  by  [3H]-thymidine 
incorporation  assay.  IC50  value  was  calculated  from  the  growth  curves  as  the 
concentration  that  inhibited  50%  of  cell  growth.  The  values  are  an  average  of  two 
separate  experiments  conducted  in  triplicate. 


Phytoestrogen 

IC50,  }iM  (concentration  ±  SD) 

Genistein 

8.8  ±1.6 

Quercetin 

18.1  ±1.6 

Biochanin  A 

44.0  ±10.1 

Kaempferol 

47.0  ±  2.9 

Daidzein 

>100 
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Table  2.  Effect  of  phytoestrogens  on  cell  cycle  distribution  of  MDA-MB-468  cells 


Flow  cytometric  analysis  was  performed  and  the  percentage  of  cells  in  the  Go/Gi,  S  and  G2/M 
phases  of  the  cell  cycle  was  calculated  using  the  CytoLogic  software,  after  treatment  of  MDA- 
MB-468  cells  with  different  phytoestrogens  for  24  h.  ‘Significantly  different  from  control, 


p<0.05,  (n  =  6). 


Phytoestrogen 

Concentration 

G0/G1 

S 

g2/m 

Control 

0 

59.0  ±1.7 

22.4  ±  1.1 

17.5  ±1.1 

Genistein 

10  jiM 

65.5  ±  1 .6* 

18.3  ±1.6 

16.2  ±  1.9 

25  (iM 

47.9  ±  0.9* 

23.3  ±1.3 

33.2  ±  0.7* 

50  pM 

27.7  ±  0.3* 

17.0  ±0.9 

49.5  ±  0.7* 

100  (iM 

27.3  ±  3.2* 

3.0  ±0.9* 

70.0  ±  4.3* 

Quercetin 

10  (iM 

52.1  ±2.1* 

32.6  ±4.3* 

15.2  ±2.5 

25  (iM 

50.5  ±  0.7* 

27.7  ±1.2 

21.7  ±0.7 

50  (iM 

48.4  ±  1 .3* 

24.7  ±2.5 

41 .2  ±2.2* 

100  (iM 

35.0  ±5.1* 

5.0  ±2.1* 

60.0  ±  5.2* 

Kaempferol 

10  (iM 

58.8  ±  0.2 

20.9  ±0.9 

20.3  ±  1.1 

25  (iM 

58.2  ±  0.5 

20.6  ±  1.3 

21.2  ±1.7 

50  (iM 

46.4  ±  4.2* 

19.5  ±0.9 

34.1  ±  3.3* 

100  (iM 

45.6  ±  2.7* 

19.2  ±1.1 

35.1  ±1.7* 

Biochanin  A 

10  (iM 

59.7  ±  0.4 

22.9  ±1.1 

17.4  ±0.8 

25  |iM 

60.9  ±  0.1 

20.7  ±1.1 

18.3  ±1.2 

50  (iM 

60.3  ±  1 .2 

20.9  ±1.0 

18.7  ±0.5 

100  (iM 

59.7  ±  1.6 

20.9  ±0.1 

19.3  ±  1.5 

Daidzein 

10  (iM 

57.1  ±1.8 

19. 5±  1.1 

20.0  ±  2.7 

25  (iM 

52.6  ±  1 .2 

20.7  ±1.1 

23.6  ±  2.5 

50  (iM 

53.8  ±  5.7 

19.1  ±0.7 

22.8  ±  5.4 

100  (iM 

52.2  ±  5.7 

22.5  ±3.9 

21.8  ±2.3 
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Table  3.  Effect  of  phytoestrogens  on  percentage  apoptosis  of  MDA-MB-468  cells 

APO-BRDU™  analysis  for  apoptosis  was  determined  after  treatment  of  MDA-MB-468  cells 
with  different  phytoestrogens  for  24  h.  DNA  fragments  in  apoptotic  cells  are  end-labeled  with 
BRDU  and  incubated  with  fluorescent  tagged  BRDU-specific  antibody.  Fluorescence  intensity 
generated  is  proportional  to  the  percentage  apoptosis  as  determined  by  flow  cytometry. 
‘Significantly  different  from  control,  p<0.01 ,  (n  =  6). 

Phytoestrogen  %  apoptosis  by  24  h  treatment  with: 


0  jiM 

10  nM 

25  \M 

50  ]M 

100  fxM 

Genistein 

1.6  ±0.6 

19.5  ±9.8* 

34.7  ±  8.3* 

64.3  ±15.0* 

86.0  ±4.0* 

Quercetin 

1.6  ±0.6 

3.3  ±0.4 

12.3  ±  1.5* 

18.1  ±5.6* 

47.2  ±  1 .5* 

Biochanin  A 

1.5  ±0.6 

1.5  ±0.1 

3.8  ±  1 .3 

6.1  ±  0.3* 

11.2  ±1.2* 

Daidzein 

1.5  ±0.8 

1.3  ±0.1 

2.4  ±0.1 

2.9  ±0.1 

1.7  ±0.6 

Kaempferol 

1.9  ±0.1 

2.5  ±1.7 

3.4  ±  0.7 

3.7  ±  0.7 

4.8  ±  0.4** 

30 


Legend  to  Figures 


Fig  1.  Chemical  structures  of  1 7-(3-estradiol  and  phytoestrogens  used  in  this  study. 

Fig  2.  Effects  of  genistein  and  quercetin  on  cell  proliferation.  MDA-MB-468  cells  were 
treated  with  0(0),  10  (S),  25  (S3),  50  (®)  and  100  pM  (H)  concentrations  of  (A) 
genistein  or  (B)  quercetin  for  24,  48  or  72  h.  DNA  synthesis  was  measured  by  pulse 
labeling  for  1  h  with  1  ng/ml  [3H]-thymidine.  *Significant  difference  from  control  (p<0.05). 
Data  are  the  mean  ±  SD  from  two  experiments. 

Fig  3.  Flow  cytometry  profile  of  cell  cycle  distribution  of  MDA-MB-468  cells.  Cells  were 
treated  with  0, 10,  25,  50  and  100  pM  concentrations  of  (A)  genistein,  (B)  quercetin  or 
(C)  kaempferol  for  24  h.  RNase  treated  and  propidium  iodide  stained  cells  were  sorted 
by  flow  cytometry. 

Fig  4.  Growth  reversal  of  MDA-MB-468  cells  after  treatment  with  genistein.  Cells  were 
treated  with  increasing  concentrations  of  genistein  for  (A)  2,  4,  6  h  and  (B)  8, 16  and  24 
h.  After  treatment,  media  was  replaced  with  fresh  media  without  drug  for  an  additional 
24  h  and  [3H]-thymidine  incorporation  assay  was  performed  as  described  in  Materials 
and  Methods.  ‘Significant  difference  from  control  (p<0.05).  The  experiment  was 
performed  in  triplicate.  Error  bars  indicate  SD. 
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Fig  5.  Genistein-induced  apoptotic  cell  death  of  MDA-MB-468  cells.  Cells  were  treated 
with  0, 10,  25,  50  and  100  |iM  concentrations  of  genistein  for  24  h.  Harvested  cells 
were  stained  with  both  propidium  iodide  and  fluorescein-BRDU  monoclonal  antibody 
and  were  analyzed  by  flow  cytometry.  Panel  A:  cytograms  with  cell  number  on  X  axis 
vs.  relative  fluorescence  intensity  (log  green  fluorescein  BRDU)  on  Y  axis.  Panel  B: 
histograms  showing  percentage  of  apoptotic  cells.  X  axis,  fluorescence  intensity;  Y  axis, 
cell  number.  Similar  results  were  obtained  in  two  separate  experiments. 

Fig  6.  Genistein  induced  apoptotic  cell  death  of  MDA-MB-468  cells  as  determined  by 
33342  Hoechst  staining.  Cells  were  treated  with  genistein  (0, 10,  25  and  50  |iM,  panels 
A  through  D,  respectively)  for  24  h  and  fixed  in  4%  paraformaldehyde.  Then  the  cells 
were  treated  with  Hoechst  33342  dye  and  the  stained  nuclei  were  visualized  under 
fluorescence  microscope.  Irregular  and  condensed  or  fragmented  nuclei  were  observed 
as  characteristic  features  of  apoptosis.  To  quantify  apoptosis,  cells  from  three  different 
fields  were  counted,  with  about  100  cells  per  field. 

Fig  7.  Western  blot  analysis  of  cyclin  B1 ,  cdc2  and  p-actin  expression  in  MDA-MB-468 
cells  treated  with  0, 10,  25,  50,  100  jiM  of  genistein  for  24  h.  Protein  lysates  were 
electrophoresed,  transferred  on  to  a  nitrocellulose  membrane  and  treated  with 
antibodies  against  cyclin  B1 ,  cdc2  or  p-actin.  Similar  results  were  obtained  in  three 
independent  experiments.  Variations  in  intensity  were  less  than  10%. 
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Fig  8  Western  blot  analysis  of  cyclin  B1  and  cdc2  protein  expression  in  MDA-MB-468 
cells  treated  with  0,  10,  25,  50  and  100  pM  concentrations  of  quercetin  for  24  h.  Protein 
lysates  were  electrophoresed,  transferred  onto  a  nitrocellulose  membrane  and  probed 
with  an  antibody  against  cyclin  B1  or  cdc2.  Similar  results  were  obtained  in  two 
separate  experiments. 
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